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Sapphirine + quartz association from Archean rocks in Enderby Land, Antarctica
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Abstract

Quartzites and granulites containing the sapphirine—quartz association are found in the py-
roxene—granulite-facies Archean Napier complex in the Tula Mountains and Amundsen Bay
areas of Enderby Land, Antarctica (50°30’ to 53°E; 67°S). Quartzites from the Tula Moun-
tains consist of 8iO,, ALO,, MgO, and FeO and contain virtually no alkalis or CaO. At the
peak of metamorphism, the mineral assemblage in these quartzites is interpreted to be
quartz-sapphirine-orthopyroxene-rutiletplagioclase. Cordierite is present, mostly as over-
growths on sapphirine, and appears to have formed from the reaction between sapphirine
and quartz after the peak of metamorphism. Sapphirines are somewhat more siliceous than
the 7MgO - 9A1,0; - 3Si0, composition and the proportion of the iron end member ranges
from 6.8 to 23.5 mole %. Fe’* contents do not exceed 18% of the total Fe in sapphirine. The
proportion of Al to total cations in orthopyroxene ranges from 0.072 to 0.117, increases lin-
early with FeSiO, content, and is extrapolated to be 0.048 in a hypothetical iron-free ortho-
pyroxene. On the basis of the compositions of coexisting pyroxenes, the Al content of hypo-
thetical iron-free orthopyroxene associated with sapphirine, and the compositions of
coexisting plagioclase and garnet, metamorphic temperatures and pressures are estimated to
be 900°+30°C and 7x1 kbar. Colorless sapphirine (2.40 wt% FeO) with overgrowths of sil-
limanite is associated with orthopyroxene, quartz, biotite, and plagioclase in a magnesian
quartzite (MgO = 4.24 wt%; Fe,O, = 0.51 wt%) at Reference Peak, an exposure south of the
Tula Mountains-Amundsen Bay areas. This association may represent the univariant reac-
tion sapphirine + quartz = sillimanite + orthopyroxene in the iron-free system and may have

crystallized at lithostatic pressures greater than 7 kbar and temperatures near 900°C.

Introduction

The rare mineral assemblage sapphirine-quartz,
first reported by Dallwitz (1968) from Enderby Land,
Antarctica, has to date been reported from four other
areas worldwide (Table 1). Four of the five sapphir-
ine—quartz localities, including Enderby Land, are in
remote Precambrian granulite-facies complexes, and
have not been studied in great detail; the fifth local-
ity, where sapphirine and quartz occur in a xenolith
in peridotite, was described only recently. Experi-
mental studies of this assemblage in the system
MgO-8i0,-Al,0, suggest that the sapphirine-quartz
assemblage formed under high temperatures, high
lithostatic pressures, and very low water pressures,
conditions that may prevail in the Earth’s lower
crust. As some Enderby Land sapphirine-quartz
rocks have a bulk chemistry approaching that of the
simple system used by the experimentalists, a de-
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tailed study of these rocks may be a good test of the
applicability of the laboratory results to the natural
systems.

In this paper, I present data on sapphirine-bearing
quartzites consisting largely of Si0,, MgO, ALOQ,,
and FeO, and on associated rocks. My main aim is to
estimate the physical conditions of metamorphism
and to compare these estimates with experimental re-
sults. This study is based largely on samples I col-
lected as U.S. exchange scientist with the Australian
National Antarctic Research Expeditions (ANARE) in
Enderby Land, including samples from Dallwitz’
(1968) original locality.

General features of sapphirine-quartz rocks

Four of the five sapphirine~quartz localities are in
regionally metamorphosed granulite-facies terrains
of Precambrian age. The Chogar complex in eastern
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Table 1. Reported occurrences of sapphirine-quartz associations

Locallty Main References
Dallwitz (1968)

Grew (1979a,b)

Sheraton et al. (1980)
Caporuscio and Morse (1978)

Enderby Land, Antarctica

Cortlandt Complex,
Peekskill, New York

Red Wine Mountains-Wilson Lake

Leong and Meoore (1972)
area, Labrador 8)

Bourne (197
Morse and Talley (1971)

Labwor Hills, Uganda Nixon et al. (1973)

Chogar Complex, eastern Siberia  Karsakov et al. (1975)

Siberia, USSR (Karsakov et al., 1975), Napier com-
plex in Enderby Land (Grew and Manton, 1979;
Sheraton et al., 1980), and Watian suite in the Lab-
wor Hills, Uganda (Clifford, 1974) were metamor-
phosed during the Archean [2500 million years (m.y.)
or older]. By contrast, the Cortlandt complex is Or-
dovician (Dallmeyer, 1975). Here sapphirine and
quartz occur in a hornfels xenolith and may have
formed by reaction of the xenoliths with the enclos-
ing olivine-rich magma under high oxygen fugacities
(Barker, 1964; Caporuscio and Morse, 1978). How-
ever, temperature and lithostatic pressure may not
have differed greatly from the granulite-facies condi-
tions under which sapphirine and quartz were stabi-
lized at the other localities.

The association sillimanite-orthopyroxene is char-
acteristic of all the occurrences. It is commonly found
in the same rock as sapphirine and quartz, typically
as a breakdown product of this assemblage—e.g.,
Labrador (Chatterjee and Schreyer, 1972), Cortlandt
complex, New York (Caporuscio and Morse, 1978),
and Chogar complex (Karsakov et al., 1975). The
converse is not true, as sapphirine-quartz is not
found in some sillimanite-orthopyroxene terrains
(e.g., Chinner and Sweatman, 1968; Dougan, 1974).
In the Strangway Ranges, Australia, sapphirine and
quartz occur in the same rock, but not in direct con-
tact (Woodford and Wilson, 1976).

The sapphirine—quartz rocks seem to differ from
average metamorphosed pelitic rocks in having a
higher Fe**/Fe** ratio or Mg/Fe ratio. High Fe**/
Fe** ratios for the host rocks from Wilson Lake, Lab-
wor Hills, and Cortlandt complex are indicated by
relatively high Fe,O,; contents of 1.2 to 1.7 weight
percent in associated sillimanite (Caporuscio and
Morse, 1978; Grew, 1980), high Fe**/Fe** ratio in
sapphirine (Merlino, 1973; Caporuscio and Morse,
1978; Sahama et al., 1974), and presence of hematite.
There is little evidence for a high Fe**/Fe’* ratio in
the Chogar complex rocks, as no hematite is reported

by Karsakov et al. (1975), nor is there any evidence
for it in the Napier complex rocks, which have
above-average Mg/Fe ratios (see below).

Geological framework of the sapphirine-quartz rocks

The sapphirine-quartz association is found in the
Tula Mountains and south to Amundsen Bay in
western Enderby Land (Fig. 1), which is underlain
by a Precambrian granulite-facies terrain mapped by
Kamenev (1972) as the Napier zone. This zone, or
metamorphic complex, is a highly deformed se-
quence of gneisses and granulites composed largely
of quartz, feldspar, pyroxene, and garnet. These
rocks can be grouped into four broad types: (1)
charnockite and enderbite, (2) pyroxene granulite,
(3) garnetiferous rocks, and (4) aluminous and si-
liceous rocks (Ravich and Kamenev, 1975; Kamenev,
1975; Grew, 1978; Sheraton et al., 1980). The sap-
phirine—quartz association occurs in the last group of
rocks. These rocks constitute no more than 5 percent
of exposed rock and form well-layered sequences of
granulites, quartzites, and gneisses. Garnet, sillima-
nite, biotite, cordierite, spinel (and rare corundum),
sapphirine, orthopyroxene, osumilite, and graphite
are characteristic of these sequences.

Petrography

Rocks containing the sapphirine-quartz associa-
tion range from quartzites with scattered grains of
sapphirine and orthopyroxene to aluminous gran-
ulites characterized by complex textures and sym-
plectitic intergrowths (see also Dallwitz, 1968; Ellis e
al., 1980; Sheraton et al., 1980). ,

This paper concerns seven samples of quartzite, six
of which contain sapphirine, orthopyroxene, cordier-
ite, rutile, and minor plagioclase, and the seventh sil-
limanite and biotite as well (Table 2). Six of the
quartzites I collected in January 1978 from four lo-
calities in the Tula Mountains: 2064 and 2071 on
Mount Hardy, 2048 on Gage Ridge, and 2042 at
Spot Height 945 (Fig. 1). The rocks sampled at 2064
and at 2071 appear to be from the same layer offset
by a fault.

Spot Height 945 is Dallwitz’ (1968) original local-
ity. Ellis et al. (1980) describe in detail sapphirine-
quartz—osumilite granulites from this locality. J. W.
Sheraton and his colleagues discovered the sapphir-
ine-quartz association at Mount Hardy and Gage
Ridge and provided me the information needed to
find these localities in the field.

The sapphirine-bearing layers consist of granulite
and quartzite 1.5 to 6 m thick that alternate with py-
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Fig. 1. Map of Tula Mountains-Amundsen Bay areas, Enderby Land, Antarctica, showing localities for critical minerals and mineral

assemblages. Sources of data are Sheraton er al. (1980, Fig. 4), sam

ples collected by geologists of the Australian Bureau of Mineral

Resources (BMR) (provided by J. W. Sheraton), and samples I collected during the 1977-78 and 1979-80 field seasons. Minerals not
reported by Sheraton et al. (1980) nor present in BMR samples are osumilite at Richardson Lakes, Reference Peak, and Mount Hardy,
sapphirine + quartz at Richardson Lakes, and garnet + clinopyroxene + quartz at Mount Charles. Location of 459 (where sample 459A
was collected) was provided by Ye. N. Kamenev (written communication, 1978). Numbers shown on map refer to sample localities;
letters in text refer to individual samples, e.g., 2064c is the third sample from locality 2064.

roxene granulite and garnetiferous rocks. Individual
layers of quartzite are a few cm to 2 m thick. To take
advantage of compositional variations, three quartz-
ites were sampled at locality 2064. Quartzite con-
taining sillimanite and biotite from locality 459, Ref-
erence Peak, south of Amundsen Bay (Fig. 1) was
collected by Soviet geologists from a 100-m-thick
unit in sillimanitic quartzite (Ravich and Kameneyv,
1975, p. 146, and Table 40; Kamenev, written com-
munication, 1978).

Readily visible in hand specimens of the six
quartzites from the Tula Mountains are light- to
dark-colored quartz which commonly has a blue
opalescence, light to dark blue sapphirine, and light
to dark brown orthopyroxene. In thin section, the
quartzites consist of about 50 to 90% quartz, 10 to
40% sapphirine and orthopyroxene, and a trace to
10% cordierite (Table 2). Preferred orientation of
flattened quartz and sapphirine grains is prominent
only in sample 2048A. Quartz and orthopyroxene are
commonly coarse (grains up to 15 mm across). Sap-
phirine is fine- to medium-grained (0.2-3 mm).

Acicular inclusions, probably rutile, are abundant in
quartz, which has a faint brown tint in transmitted
light, and in orthopyroxene. Sapphirine is pleochroic
in blue. I did not observe the brown absorption color
described in sapphirine associated with quartz at
Wilson Lake (Labrador), Labwor Hills (Uganda), or
Peekskill, New York (Morse, 1971; Caporuscio and
Morse, 1978; Sahama et al., 1974; Nixon et al., 1973).

Cordierite forms (1) independent grains, a few of
which contain vermicular blebs of quartz, and (2)
overgrowths around sapphirine. The overgrowth are
present in all six samples of quartzite, but in samples
2048A and 2042E direct contacts of sapphirine and
quartz are preserved. In the quartzites containing 3
to 10% cordierite (Mount Hardy) the cordierite over-
growths are 0.02-0.2 mm thick, and in the other two
sections the overgrowths rarely exceed 0.04 mm in
thickness. Sillimanite occurs in trace amounts in cor-
dierite near sapphirine, commonly in close associa-
tion with rutile; in one section a sillimanite over-
growth on sapphirine is present.

Quartz, sapphirine, and orthopyroxene appear to
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Table 2. Modes of sapphirine—quartz rocks from Enderby Land
(visual estimates)

Spot

Gage Height Reference

Locality Me. Hardy _ Ridge 945 __Peak
Sample 2064C" 2064Dr 2064F 2071C 2048A+ 2042E 459AT
Quartz 52 71 72 73 88 82 51
Plagioclase T - - i = - 35%
Sillimanite - - T i - T 8%
Sapphirine 13% 4% 7% 2% 5% 8% 1%
Orthopyroxene 25% 20% 17% 20% 7% 8% 1%
Cordierite 10% 5% 3X 5 ii; 1* ?)
Zircon/Monazite T i T T T T T
Rutile T T 1 T 5 1 iy
Biotite T T = L T T 4%
Amphibole - - - - T -

T - Trace comstituent

T - XRF Analysis of rock

* - Probe analysis

(?) - Optical identification uncertain

have crystallized in textural equilibrium in the Tula
Mountain quartzites. Cordierite is interpreted to
have formed by the reaction of sapphirine with
quartz subsequent to the stabilization of the quartz-
sapphirine—orthopyroxene association; the independ-
ent grains of cordierite are interpreted to have also
grown at this time. Sillimanite may have formed
from the reaction of sapphirine and quartz, as sap-
phirine has a higher ALO,/(MgO + FeO) ratio than
cordierite. Biotite and amphiboles are fine-grained
and appear to be derived from the alteration of other
minerals, mostly orthopyroxene.

The quartzite from Reference Peak (sample 459A)
has light brown (sillimanitic) and white layers mostly
less than 1 cm thick. In thin section, the dominant
constituents are medium-grained (0.05-2.5 mm)
plagioclase (Or,Ab,;An,,—microprobe analysis) with
K-feldspar lamellae and quartz. The remainder of
the rock consists of fine aggregates of prismatic sil-
limanite concentrated into layers, pale biotite, and
colorless orthopyroxene (compare Ravich and
Kamenev, 1975, p. 146). Acicular inclusions (rutile?)
are abundant in orthopyroxene and quartz, and
quartz and plagioclase have a faint brown tint. Biot-
ite flakes (to 0.5 mm across) have an indistinct pre-
ferred orientation and do not appear to be derived
from sapphirine or orthopyroxene. Colorless sapphir-
ine, which was not reported by Ravich and Kamenev
(1975), is generally surrounded by a sillimanite ag-
gregate and no contacts with quartz were found. A
few grains of sillimanite and sapphirine have over-
growths of a colorless mineral, either cordierite or
plagioclase, which has a fibrous appearance in thin
section due to abundant fine particles with a parallel
orientation. Except possibly for these overgrowths, 1
found no cordierite in the two sections of this quartz-

GREW: SAPPHIRINE + QUARTZ ASSOCIATION

ite in my possession, nor is any cordierite reported
by Ravich and Kamenev (1975). In this quartzite, sil-
limanite overgrowths on sapphirine imply that sap-
phirine has reacted with quartz to form sillimanite
(and presumably orthopyroxene).

Analytical methods

Host rock compositions (Table 3) were determined
by X-ray fluorescence (G. Stummer, analyst).
Sample preparation followed the procedure de-
scribed by Cortesogno et al. (1977).

Compositions of minerals (Tables 4-9) in carbon-
coated polished thin sections were measured with a
fully automated (Ni, F, and Cl on manual) ARL-EMX
wavelength dispersive electron microprobe at UCLA
and a fully automated JXA-5A wavelength-dis-
persive electron microprobe at the University of Mel-
bourne (UM). The UM analyses are indicated by as-
terisks in Tables 4-7. Operating conditions on both
microprobes were 15 kV and at UCLA about 20 nA
sample current. Silicate and oxide minerals and
glasses (halides for F and Cl) were used at UCLA,

Table 3. Compositions of Enderby Land quartzites (X-ray

fluorescence analyses; G. Stummer, analyst) and of evaporitic

mudstone from the Saharan Atlas, Northwest Africa (H. G.
Kulke, quoted by Schreyer, 1977)

Evaporitic

Rock Type Quarczite __Mudstone

Sample 20640 2064D 20484 459A  K-AOL5S  K-AH2

Oxide Weight Percent —

si0, 61.74 75.62 87.71 77.02 56.1 50.6

Ti0, 0.23 0.74 0.23 0.35 0.9 1.1

Alzo3 12.68 9.08 4.33 11.71 19.4 18.5

Fe,04 3.18 6.28 3.41 0.51 3.0! 7.42

MnO 0.019 0.040 0.027 0.005 n.r. n.r.

Mg0 21.29 7.09 3.47 4,24 17.8 21.5

Ca0 0.17 0.32 0.07 0.92 0.5 0.4

K,0 0.05 0.03 0.0L 1.20 2.3 0.6

Na,0 n.d n.d. n.d. 3.36 0.1 0.0

?,0 0.02 0.01€ 0.02 0.04 n.r. n.r.

H20+ n.a. n.a. n.a. n.a. 10.2 8.2

Total 99.39 99.22 9931 99.37 100.1 100.1
ppm

Cr 98 55 180 48

Ni 36 18 97 30 n.r.

Rb 15 n.d. 8 23 n.r. n.T.

St 20 8 14 93 n.r. or.

n.a. - not analyzed

n.r. - not reported

n.d, - not detected

All Fe as FP_203

'ncludes 1.2% Fe,04 and 1.6% Feo

?Includes 2.3% Fe203 and 4.6% FeQ
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Table 4. Composition of sapphirine

2064C 2064D 2064D 2064F%  2071C 2071C 2048A 2048A 2042E*  459A 20424 20641
AVE AVE GR AVE AVE GR AVE GR AVE AVE AVE AVE
Weight Percent
sio, 14.75 13.80 13.31 13.78 14,20 13.87 13.69 14.25 13.61 13.59 14,40 14.27
T40, 0.06 0.06 0.05 0.10 0.05 0.02 0.06 0.06 0.11 0.02 0.05 0.05
41,0, 62.07 61.89 62.50 61.08 61.76 62.57 60.08 59.52 61.01 63.75 59.48 61.30
Cr,04 0.0 0.01 0.01 0.03 0.01 0.02 0.43 0.49 0.38 0.02 0.40 0.01
Feol 2.98 8.14 7.73 7.98 7.38 6.81 9.53 9.68 6.51 2.40 9.86 6.21
Mno 0.01 0.03 0.03 0.02 0.04 0.03 0.09 0.09 0.02 0.02 0.07 0.03
Mg0 20.10 16.99 16.78 17.19 17.43 17.33 15.72 15.95 17.02 19.43 15.93 18.41
Ca0 0.07 0.10 0.08 0.02 0.08 0.06 0.11 0.12 0.01 0.07 0.08 0.08
K,0 0.03 0.04 0.05 0.01 0.06 0.06 0.06 0.05 0.0 0.04 0.04 0.04
Na,0 0.02 0.01 .0 0.02 0.01 0.01 0.0 .0 0.01 0.0 0.02 0.02
Total 100.09 101.05 100.53 100.30° 101.02 100,79 99.75  100.20 98.79° 99.35 100.31 100.41
Atoms per 20 Oxygens

si 1.717 1.630 1,578 1.640 1,672 1.632 1.652 1.713 1.634 1.590 1.729 1.682
Ti 0.006 0.005 0.004 0.009 0.004 0.002 0.005 0.005 0.010 0.002 0.004 0.004
Al 8.517 8.620 8.734 8.569 8.572 8.679 8.550 8.435 8.637 8.793 8.420 8.518
Cr 0.0 0.000 0.001 0.003 0.001 0.002 0.041 0.047 0.036 0.001 0.038 0.000
Fez+4 0.253 0.695 0.665 0.664 0.643 0.618 0.868 0.892 0.615 0.213 0.914 0.503
re>" 0.037 0.109 0.101 0.131 0.083 0.053 0.095 0.081 0.039 0.022 0.076 0.110
Mn 0.001 0.003 0.003 0.002 0.004 0.003 0.009 0.009 0.002 0.002 0.007 0.003
Mg 3.487 2.991 2.964 3.048 3.058 3.039 2.828 2.858 3.046 3.388 2.850 3.234
Total 14.019 14.054 14.050 14.065 14,037 14.026 14.047 14.040 14,019 14.011 14,038 14.055

AVE - Average for sample

GR - Single grain

1. All Fe as Fe0

2 Includes 0.04 ZnO and 0,03 Ba0O

3. Includes 0.07 ZnO and 004 BaO

4. Calculated from stoichiometry (see text)
*

Analysis done at University of Melbourne

and the UCLA microprobe data were corrected and
reduced by the Bence—Albee method with an on-line
PDP 11 computer. Metals, oxides, and silicates were
used as standards at UM, and the data corrected by
the computer program of Mason et al. (1969) modi-
fied for a PDP 8F on-line computer.

The compositions of the minerals analyzed at
UCLA are in general an average of 3 or 4 grains per
sample; each grain was analyzed at 3 points (two
points for cordierite and plagioclase). Compositions
of some grains or edges of grains of sapphirine and
orthopyroxene that differ markedly from the overall
sample average are also listed in Tables 4 and 5.

Compositions measured at UM are an average of 3
grains per sample (2 for cordierite); each grain was
generally analyzed at one point. Consequently, the
analytical times involved in the UCLA analyses are
considerably greater than those in the UM analyses.
To estimate the precision of the UCLA analyses, two
grains of sapphirine in sample 2045G from Gage
Ridge were each analyzed 6 times at 3 or 4 points
each time. Values for the 6 analyses range from 13.97
to 14.63 wt% and 13.84 to 14.27% SiO,; 57.37 to
60.35% and 58.54 to 59.54% Al,0;; 0.59 to 0.62% and
0.90 to 1.00% Cr,05; 9.09 to 9.64% and 8.57 to 8.99%
FeO, and 15.93 to 16.31% and 16.07 to 16.44% MgO.
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Table 5. Composition of orthopyroxene

2064C 2064C 2064D 2064F* 2071C 2071C 2048A 2042E* 459A
_Ave Edge Ave Ave Ave Edge Ave Ave Ave
Weight Percent
SiOZ 54.36 55.51 49.32 49.86 50.45 52.14 47.78 49.51 54.25
TiO2 0.10 0.06 0.15 0.19 0.17 0.10 0.25 0.26 0.07
A1203 T@l7 6.08 9.58 9.48 8.47 Dokl 10.98 9.27 7.10
Cr,04 0.0 0.0 0.0 0.04 0.02 0.01 0.13 0.10 0.01
Feo! 6.99 7.23 16.07 15.55 15.32 15.49 18.10 14,07 6.33
MnO 0.03 0.02 0.08 0.05 0.08 0.08 0.17 0.04 0.06
Mg0 32.73 33.06 24,93 25.43 25,68 26.37 22.79 25,54 33.06
Ca0 0.19 0.18 0.09 0.07 0.13 0.13 0.11 0.01 0.07
K20 0.04 0.05 0.05 0.01 0.04 0.02 0.01 0.01 0.04
Na,0 0.01 0.01 0.01 0.01 0.0 0.0 0.01 0.01 0.01
Total 101.62 102.18 100.28 100.782 100.35 100.31 100.32 98.993 100.99
Atoms per 6 Oxygens

Si 1.849 1.877 1.777 1.782 1.808 1.868 1.739 1.792 1.851
Ti 0.003 0.002 0.004 0.005 0.004 0.003 0.007 0.007 0.002
Al 0.287 0.242 0.407 0.400 0.358 0.252 0,471 0.396 0.286
Cr 4 0.000 0.000 0.000 0.001 0.001 0.000 0,004 0.003 0.000
Fe3t 0.011 0.000 0.032 0.025 0.017 0.007 0.035 0.005 0.0l10
Felt 0.188 0.204 0.452 0.440 0.442 0.458 0.516 0.421 0.171
Mn 0.001 0.001 0.002 0.002 0.003 0.002 0.005 0.001 0.002
Mg 1.659 1.666 1.338 1.355 1.371 1.408 1.236 1.377 1.681
Ca 0.007 0.007 0.003 0.002 0.005 0.005 0.004 0.000 0.003
Na 0.001 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.001
Total 4,005 4.000 4.016 4.012 4.009 4.003 4.018 4.002 4.005

Ave - Average for sample Edge - Edge of a single grain
1. All Fe as Fe0

Includes 0.067 ZnO and 0.03
Includes 0.10 Zn0 and 0.06
From stoichiometry

Analysis done at University

BaO
BaQ

% N

of Melbourne

The ranges of values obtained for major components
(>10%) are thus *1-2.5% of the average value, and
for minor components, +3-5%.

Fe’* contents of sapphirine and orthopyroxene
were calculated from stoichiometry; the procedure
outlined by Higgins et al. (1979) was used for sap-
phirine, except that Ti was included with Si for
charge balance. As a check for this procedure,
Wayne Dollase obtained Mossbauer spectra on
coarse-grained sapphirine from locality 2064 (sample
2064H, Table 4) and 2042 (sample 2042A). Dollase
(personal communication, 1979) estimates that the
proportion of Fe** to total Fe is 17+3% in 2064H and
11.5+2% in 2042A. These values are consistent with
estimates from stoichiometry—18+3% in 2064H and
7.7+3% in 2042A (Table 4). The uncertainty was esti-
mated from the spread of Fe’*/total Fe values calcu-

lated from repeated analyses of individual grains in
samples 2045G, 2064H, and 2042A. Thus stoichio-
metry seems to provide a reasonable estimate of
Fe’*/total Fe ratio in sapphirine, as Higgins et al. re-
ported.

Chemistry

Host rocks

Three of the quartzites from the Tula Mountains
and the quartzite from Reference Peak were ana-
lyzed for 10 major elements and 4 trace elements
(Table 3). The Tula Mountain quartzites consist al-
most exclusively of S$i0,, AL,O,, FeO, and MgO and
contain little CaO (0.07-0.32 wt%), and almost no
K,O and Na,O (0-0.05 wt%), while the quartzite
from Reference Peak (459A) is notably sodic (3.4
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Table 6. Composition of cordierite

2064C*  2064D 2064F%  2048A 2042E*
Weight Percent

SiO2 49,52 50.93 50.27 49,53 49.93
TiO2 0.02 0.0 0.02 0.01 0.03
Alzo3 33.73 34.25 33.15 33.64 33.29
Cr203 0.02 0.02 0.01 0.0 0.04
Fe0 0.95 2.62 2.53 3.37 2.15
MnO 0.03 0.03 0.04 0.04 0.01
Mg0 12.83 12.24 12.06 11.56 12.01
Ca0o 0.01 0.08 0.01 0.09 0.0
KZO 0.01 0.05 0.01 0.05 0.02
NaZO 0.04 0.03 0.02 0.16 0.03
Zno 0.09 - 0.09 - 0.16
BaO 0.02 - 0.01 - 0.0

Total 97.24 100.23 98.20 98.45 97.65

Atoms per 18 Oxygens

Si 4.987 5.009 5.046 4.983 5.033
Ti 0.002 0.000 0.002 0.001 0.002
Al 4,005 3.971 3.922 3.989 3.956
Cr 0.001 0.001 0.000 0.000 0.003
Fe 0.080 0.215 0.212 0.283 0.181
Mn 0.002 0.002 0.003 0.003 0.000
Mg 1.926 1.793 1.803 1.733 1.804
Ca 0.001 0.008 0.001 0.010 0.000
K 0.001 0.006 0.001 0.006 0.002
Na 0.007 0.005 0.004 0.032 0.006
Total 11.012 11.010 10.994 11.041 10.988

All Fe as FeO.

* Analysis done at the University of Melbourne.

wt%) and contains significant K,O and CaO. All four
quartzites are magnesian (Niggli mg ranges from
0.67 to 0.95).

The high Mg/Fe ratios, near absence of alkalis
and of CaO in six quartzites, and high Na/K ratio in
the seventh quartzite distinguishes these rocks from
common sedimentary rocks, and from most igneous
rocks. Examples of metamorphic rocks with similar
compositions are a talc-yoderite schist (McKie,
1959), whiteschists (Schreyer, 1977), and sillimanite-
orthopyroxene rocks (Chinner and Sweatman, 1968;
Karsakov et al., 1975). Protoliths suggested for these
high Mg rocks low in alkalis are bentonitic sediments
(McKie, 1959; Chinner and Sweatman, 1968), mag-
nesian mudstones associated with evaporites

(Schreyer, 1977), or pelitic rocks that have lost alkalis
by removal of an anatectic melt (Nixon et al, 1973;
Lal et al., 1978).

Schreyer’s (1977) suggestion seems to be the most
reasonable for the Enderby Land sapphirine-quartz
rocks. Analyses of two evaporiti¢ mudstones from
northwest Africa (cited by Schreyer, 1977) are listed
in Table 3 for comparison. The similarity in compo-
sition between these sedimentary rocks and the sap-
phirine—quartz rocks suggests that metasomatism or
removal of anatectic melt need not be invoked to ex-
plain the’ composition of the magnesian pelitic rocks;
sedimentary rocks of similar composition may very
well have existed.

Table 7. Composition of biotite in Sample 459A

Grain Grain
_Ave 1 2
Weight Percent
510, 41.65 42.04 40.92
Ti0, 3.36 2.96 3.67
AL,04 13.74 14.05 13.41
FeO 1.96 1.79 2.16
MnO 0.02 0.02 0.03
MgO 25,08 25.32 2466
cao 0.07 0.06 0.08
K,0 10,44 10.45 10.33
Na,0 0.12 0.14 0.10
Ba0 0.25 0.22 0.29
F 3.98 4.12 3.77
c1 0.07 . 0.07 0.08
Totall 99.04 99.48 97.90
Based on 44 Anionic Charges
(Foster, 1960)

Si 5.776 5.795 5.750
Ay 2.224 2.205 2.222
Total 8.000 8.000 7.972
i 0.022 0.079 0.000
Ti 0.350 0.307 0.388
Fe 0.228 0.207 0.254
Mn 0.002 0.002 0.003
Mg 5.185 5.203 5.167
Total 5.787 5.798 5.812
Ca 0.011 0.009 0.012
K 1.848 1.838 1.852
Na 0.032 0.037 0.028
Ba 0.013 0.012 0.016
Total 1.904 1.896 1.908

lcorrected for oxygen equivalents of halogens

All Fe as FeO.
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Sapphirine

Sapphirine analyzed in this study consists largely
of MgO, Si0,, AL,O,, and FeO; Cr,0, is present in
amounts greater than 0.1% in a few samples (Table
4). Values obtained on other oxides range from 0 to
0.12%, but only the values for MnO and TiO, are be-
lieved to be significant (¢f. Higgins et al., 1979).

Tula Mountain and Reference Peak sapphirines
contain little ferric iron (0.02-0.13 Fe** per 20 oxy-
gens, or no more than 18% of total Fe) by com-
parison with the Wilson Lake and Peekskill sapphir-
ines, which contain 0.47 and 0.65 Fe** per 20 oxygen
or 41-44% of all the iron present (Higgins et al., 1979;
Caporuscio and Morse, 1978).

Except for samples 2064C and 459A, the relative
proportions of Si + Ti, Al + Cr + Fe**, and Fe** +
Mg + Mn are nearly the same. The spread shown in
Figure 2 of compositions for the five sapphirines is
less than that for six repeated analyses of individual
sapphirine grains in sample 2045G. Sapphirine in
sample 2064C is significantly more siliceous, and that
in sample 459A more aluminous, than the average of
the other 5 sapphirines. The high Al content of sap-
phirine in sample 459A may be related to its associa-
tion with sillimanite.

Sapphirine in a given sample is relatively homoge-
neous with respect to Mg/Fe ratio, and zoning was
not detected. However, in some samples the composi-
tion of one of the analyzed grains differs markedly
from the others in Al/Si ratio (Table 4). The differ-
ences appear to follow the substitution scheme Mg +
Si = 2Al (Fig. 2) characteristic of many sapphirines
(Schreyer and Abraham, 1975). Cr,O, contents vary

soimo,  SAPPHIRINE COMPOSITION (mole %)
® 2064C  + 20484
® 20640 x 2042E
v 2064F o 459A
Mg0 2 0y 4 2071C 83 100Mg/Mg+Fe?*

FeQ
MnQ

016

MgO + FeO + MnO

A \ i

040 039 038
Fig. 2. Composition of sapphirine from Enderby Land. Fe**

contents calculated from stoichiometry (Higgins ef al., 1979).
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from grain to grain in some samples, e.g., 0.2 to 0.5
wt% in 2048A.

Orthopyroxene

By comparison with the metamorphic ortho-
pyroxenes listed by Deer et al. (1978, p. 41-47), the
Enderby Land orthopyroxenes on the average con-
tain more ALO, (7-11 wt%) and less CaO (0.1-0.2%)
and TiO, (0.1-0.3%).

Orthopyroxene is homogeneous with respect to
Fe/Mg ratio in a given sample. In a few samples,
grains are zoned in Al,O, content, which decreases
from core to edge (e.g., 2064C and 2071C, Table 5); a
similar variation is reported by Chinner and Sweat-
man (1968) in orthopyroxene associated with sillima-
nite.

In contrast to sapphirine, the Al,O, content of or-
thopyroxene increases markedly with Fe/Mg ratio or
FeSiO, content (Fig. 3). Moreover, this relation ap-
pears to be a chemical feature of the orthopyroxene
and does not reflect differences in the physical condi-
tions of metamorphism among the localities, as Al
contents of three orthopyroxenes from a single local-
ity (2064) also increase with Fe/Mg ratio. The data
for the Reference Peak orthopyroxene lie on the
least-squares fit to data on the Tula Mountain ortho-
pyroxenes (Fig. 3).

Cordierite, biotite, sillimanite

Cordierite is rich in the magnesium end member,
contains negligible amounts of alkalis and CaO (ex-
cept 2048A), and appears to be compositionally ho-
mogeneous (Table 6). Biotite in sample 459A (Table
7) is rich in TiO, (3.7 wt%) and fluorine (4%), but its
ALO, content (13.7%) is low for biotite associated
with sillimanite in granulite-facies rocks (e.g., Dall-
meyer and Dodd, 1971, and Dallmeyer, 1974, report
15 to 18%). The composition of this biotite varies
widely from grain to grain. For the three grains ana-
lyzed in this study (analyses of two are shown in
Table 7), the amounts of TiO, and ALQO,, and the
amount of F and the Fe/Mg ratio, are inversely pro-
portional.

Sillimanite in sample 459A contains 0.2 wt%
Fe,0,, and in 2042A (a sapphirine—quartz rock) 0.4%
Fe,0,. These sillimanites contain less Fe,O, than
most sillimanite from granulite-facies rocks else-
where in Antarctica (0.3-1.4%; Grew, 1980) and sig-
nificantly less than sillimanite associated with sap-
phirine and quartz in Wilson Lake, Labwor Hills,
and Peekskill (1.2-1.7%; Caporuscio and Morse,
1978; Grew, 1980). The low Fe,O, content of the sil-
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Fig. 3. Proportion of Al to all cations in orthopyroxene (Al/all cations) associated with sapphirine as a function of Fe?*/(Fe** + Mg)
ratio. Average composition of orthopyroxene (exclusive of edges of grains) indicated by symbol. Approximate range in a given sample
indicated by spread of values obtained on individual grains (generally 3 to 4 per sample). Line is a least squares fit of the average Al
contents in the 6 orthopyroxenes from quartzites (sample 459A not included).

limanite is consistent with the low Fe** /total Fe ratio
estimated for the associated sapphirine.

Chemical relations among the minerals

Data on Fe and Mg contents of coexisting sapphi-
rine, cordierite, and orthopyroxene are summarized
in Figure 4. The proportion of the iron end members,
Xr., increases sympathetically in each of the minerals
and with Fe/Mg ratio in the host rock composition
(Table 3). Moreover, X, is greatest in orthopyroxene
and least in cordierite, a trend that is true for many
parageneses (e.g., Hensen, 1971; Higgins et al., 1979).
The regular trends and chemical homogeneity of
these minerals imply that sapphirine and ortho-
pyroxene crystallized in equilibrium with respect to
Fe and Mg and that formation of cordierite also in-
volved equilibration of Fe and Mg.

The proportion of Fe’* to total Fe appears to be
lower in orthopyroxene than in associated sapphi-
rine, a relation also reported by Caporuscio and
Morse (1978).

Physical conditions of metamorphism

Temperature

Temperatures at the peak of metamorphism, dur-
ing which sapphirine + quartz was stable, were esti-
mated from the compositions of coexisting pyroxenes

in associated mafic and ultramafic rocks, and from
the Al content of orthopyroxene in the Tula Moun-
tain quartzites.

Four pairs of coexisting pyroxenes from Beaver Is-
land (Amundsen Bay), Gage Ridge, and Spot Height
945 were analyzed (Table 8). Estimated temperatures
range from 840-890°C from Wells’ (1977) equation 5
and 890-1000°C from Wood and Banno’s (1973)
equation 27. These values are minimums, as both py-
roxenes in each sample have exsolved lamellae of the
other pyroxene.

Anastasiou and Seifert (1972) determined the
ALOQO; contents of orthopyroxene coexisting with cor-
dierite and sapphirine in the system MgO-AlLO;-
SiO, at 900° and 1000°C at 5 kbar. In order to apply
their experimental data to the Tula Mountains
quartzite, we must first try to correct for the effect of
Fe** on the Al content of orthopyroxene in the natu-
ral assemblages and then extrapolate Anastasiou and
Seifert’s Al isopleths to the stability field of sapphir-
ine + quartz.

The measured values of Al in orthopyroxenes of
varying Fe/Mg ratios have been used to estimate the
Al content of a hypothetical Fe-free orthopyroxene
by extrapolation of a least-squares fit to Al contents
as a function of Fe/Mg ratios (Fig. 3). It is assumed
that the temperature of crystallization did not differ
greatly among the three localities (Mount Hardy,
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Gage Ridge, and Spot Height 945). This extrapola-
tion gives a proportion of Al to all cations of 0.048
for a hypothetical Fe-free orthopyroxene associated
with sapphirine and quartz.

For an orthopyroxene at 5 kbar coexisting with
cordierite and sapphirine, a proportion of Al to all
cations of 0.048 (close to 4.8 wt% Al,O;) indicates a
temperature of crystallization of 930°C (Anastasiou

GREW: SAPPHIRINE + QUARTZ ASSOCIATION

and Seifert, 1972, Fig. 6). However, the Tula Moun-
tain orthopyroxene crystallized with sapphirine and
quartz at pressures greater than 6 kbar (see below).
As Anastasiou and Seifert’s Al isopleths in ortho-
pyroxene associated with sapphirine and cordierite
have steep negative slopes in P-T space, this temper-
ature estimate is a maximum. A rough extrapolation
of their isopleths to the estimated pressures of meta-
morphism indicates a metamorphic temperature near
900°C for the Tula Mountains quartzites.

More recent experiments and calculations by
Danckwerth and Newton (1978, p. 196) and Ganguly
and Ghose (1979) imply that the decrease with tem-
perature of the ALO, content of enstatite associated
with spinel and forsterite may be less than the de-
crease found experimentally by Anastasiou and Sei-
fert. Anastasiou and Seifert’s Al,O, isopleths in the
cordierite-sapphirine-enstatite field may also be too
closely spaced, and consequently a temperature esti-
mate based on their data at temperatures such as
900°C would be a maximum one (Newton, written
communication, 1979).

The AlLO, of the Reference Peak orthopyroxene
plots close to the line representing a least-squares fit
of the Tula Mountain orthopyroxenes (Fig. 3); thus
the temperature of metamorphism at Reference Peak
may not have differed significantly from that in the
Tula Mountains.

Pressure

Pressures of metamorphism were estimated from
the compositions of garnet and plagioclase associated
with sillimanite and quartz (Ghent, 1976) in three

Table 8. Composition of pyroxenes used for geothermometry (wt.%)

Locality Spot Height 945 Gage Ridge Beaver Island
Sample No. 20354 20408 20558 20234
Minerall OPX CPX OPX CPX OPX CPX oPX CPX
10, 53.10 50,80 53.16 50.22 57,38, 54.57 58.14 55.23
Ti0, 0.12 0.50 0.16 0.80 0.08 0.24 0.01 0.01
Al,04 3.49 5.03 4.76 6.86 12 1.94 1.02 1.40
Cr,04 0.13 0.25 0.27 0.42 0.30 0.64 0.25 0.77
Fe0 17.46 7.15 14.18 5.54 8.33 2.74 5.72 1.63
MnO 0.28 0.15 0.35 0.19 0.16 0.08 0.22 0.10
Mg0 26.07 14.28 27.82 14.36 33.71 17.43 35.38 17.82
Ca0 0.73 22.66 0.49 23,26 0.45 23.57 0.34 24.15
Na,0 0.01 0.61 0.01 0.48 0.01 0.53 0.01 0.45
NiO 0.09 0.04 0.06 0.02 0.15 0.06 0.26 0.13
Total 101.48 101.46 101.25 102,15 101.72 101.81 101.36 101.69

lopx - orthopyroxene
All Fe as FeO.

CPX - clinopyroxene
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Fig. 5. Experimental curves relevant to rocks from western Enderby Land, Antarctica. Mineral
abbreviations are kya—kyanite, sil—sillimanite, cpx—clinopyroxene, opx—orthopyroxene, sap—
sapphirine, crd—cordierite, gar—garnet, olv—olivine, spl—spinel, plag—plagioclase, and qtz—quartz.
Sources of data: kya-sil curve (Holdaway, 1971; extrapolated portions not indicated separately); sil + opx =
sap + qtz (Hensen, 1972; Chatterjee and Schreyer, 1972; Newton, 1972; Newton et al., 1974); sap + qtz +
opx = crd (Newton, 1972; Newton et al., 1974); invariant point sap + opx + sil + crd + qtz (Newton ef al,
1974); garnet granulite-quartz tholeiite transition (Green and Ringwood, 1967); garnet granulite-tholeiite
transition (Ito and Kennedy, 1971). Qutline indicates range of pressure-temperature estimates for Tula
Mountains-Amundsen Bay area. Preferred values are 900°C and 7 kbar indicated by cross.

rocks (Table 9) at temperatures of 840° and 930°C.

In addition to temperature and composition, activ-
ity coefficients for the calcium components in plagio-
clase and garnet must be calculated (Table 10). For
anorthite in plagioclase, a constant value of 1.28 was
used (Orville, 1972). For grossular in garnet, we need
to consider only three components: grossular, pyrope,
and almandine. The interaction between grossular
and spessartine may be ignored as spessartine con-
tents are low. Andradite may also be ignored, as Fe**
contents of the garnet are probably negligible. We
can then treat garnet as a regular ternary solution
and calculate the activity of grossular, y.,, as follows
(Newton, 1978, eq. 4): RT In y5, = W, p, X3, + Xb,
KawWorry + Woram— Wane,) + Wor amXim, Where
R = gas constant, Gr = grossular, Py = pyrope, Am
= almandine, X = mole fraction, and W = Margules
or interaction parameter between a given pair of the
garnet components.

Unfortunately, there remains considerable dis-
agreement on the values of the Margules parameters.
For the present calculations, I have arbitrarily se-
lected three cases (Table 10): (1) W, p, = 3.8, Wsram
=0, and Wp, ... = 2.5 kcal (from Ganguly and Ken-
nedy, 1974; Newton, 1978); (2) W, s, = 7460 — 4.3
T(°K) from Hensen et al. (1975), Wg,am = 0, and
Woy_am = 2.5 kcal; and (3) ideal solution (all W = 0).
These cases should bracket the range of possible val-
ues; for example, O’Neill and Wood (1979) obtained
We,p, = 2.7£0.2 kecal, W, 4 = 0.220.2 kcal, for
Weram = 0.

Pressures, P, were calculated from (1) Cressey er
al’s (1978, p. 401) equation adjusted to allow for a
variable plagioclase composition: —In K, = —3RT In
(Yo: Xo:/ YanXan) = —1.2651(P, — P) + 2.878 X
10~%(P2 — P?), where P, is the pressure at which anor-
thite (X,, = 1), grossular (X, = 1), sillimanite, and
quartz are stable, and (2) Schmid and Wood’s (1976)
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Table 9. Compositions of garnet and plagioclase associated with
sillimanite and quartz (used for geobarometry) (wt.%)

Locality Gage Ridge Mt. Hardy

Sample

Number _____2045C 2083C _____2083E
Mineral1 Gar Plag Gar Plag Gar Plag
SiOZ 3931 58.59 40.54 55.47 39.61 54.09
Ti0, 0.05 0.03 0.08 0.02 0.05 0.01
A1203 23.18 26.14 22.85 29.30 22,76 28.34
FeO 25.13 0.01 22.50 0.08 22.69 0.02
MnO 0.44 0.0 0.42 0.01 0.42 0.01
Mg0 12.55 0.0 14.57 0.0 13.54 0.01
Ca0 1.00 7.71 1.39 11.56 1.47 10.74
Na,0 0.01 7.15 0.01 5.18 0.04 5.52
K,0 0.04 0.43 0.06 0.22 0.0 0.19
Cr 04 _n.a. n.a. __0.08 0.0 0.06 0.01
Total 101.72 100,072 102.51 101.83 100.63 98,93

1Gar - garnet
All Fe as Fel

Plag - plagioclase

n.a. - not analyzed

2Includes Ba0 - 0.01%

equation 7: In K, = 5123/T — 16.02 + [(P —
1)0.6565]/T. Goldsmith (1980) reports that Schmid
and Wood’s equation, which is based on the experi-
mental work of Hays (1966), Newton (1966), and
Hariya and Kennedy (1968), is in good agreement
with his experimental redetermination of the
AlLSiO,-grossular-anorthite-quartz reaction.

The calculated pressures are listed in Table 10. As-
suming nonideal behavior in garnet (cases 1 and 2),
pressures range from about 6.5 to 9 kbar at 930°C,
and 6 to 8 kbar at 840°C, and for ideal behavior, 4.5
to 6 kbar for these temperatures. The calculated pres-
sure increases with the estimated value of the activity
coefficient of grossular.

Newton and Haselton (in press) calculated pres-
sures of 6.9, 6.7, and 7.4 kbar for samples 2045C,
2083C, and 2083E, respectively, using my composi-
tional data (Table 10) and a new calibration of the
garnet—plagioclase-Al,SiO;—quartz geobarometer.

In summary, the temperature and pressure of
metamorphism are estimated to be 840-1000°C and
4.2-9.2 kbar. Preferred values are 900+30°C and 7+1
kbar. Sheraton et al. (1980) report temperatures of
900° to 950°C and pressures of 8 to 10 kbar based on
detailed studies at one locality in the Tula Moun-
tains.

Partial pressure of water

Crystallization of the sapphirine + quartz associa-
tion and its reaction to form sillimanite and ortho-
pyroxene can be reproduced in the laboratory only

under nearly anhydrous conditions (Newton, 1972).
Moreover, the mineralogy of associated rocks in the
Tula Mountains is consistent with this interpretation;
for example, the quartz—K-feldspar-orthopyroxene
association implies low water partial pressures given
a lithostatic pressure of 7 kbar (Luth, 1967, p. 413).
Additional evidence for low water partial pressures is
the widespread occurrence of calcic mesoperthite and
the limited extent of anatectic melting in quartzo-
feldspathic rocks (Sheraton et al., 1980).

Comparison with experimental systems

Rocks rich in Al,O; and MgO

Experimental results on the MgO-SiO,-AlLO, sys-
tem (Newton, 1972; Hensen, 1972; Chatterjee and
Schreyer, 1972; Newton et al., 1974), which are sum-
marized in Figure 5, can be applied to the quartzites.
The major difficulties in comparing the laboratory
data with natural assemblages are the effect of iron
(Seifert, 1974, p. 196), and extrapolation of the reac-

Table 10. Calculation of pressure from compositions of coexisting
garnet and plagioclase

Composition (mole fraction)

GCarnet Plagioclase
Component Gr Am Py An
Sample
2045C 0.0260 0.5106 0.4544 0.364
2083C 0.0351  0.4441 0.5123 0.546
2083E 0.0384  0.4618  0.4911 0.513
Pressures
Case 1. (Adapted from Ganguly and Kennedy, 1974)
930°C as07c
Sample Y. In K N In X, ol p?
Sampile n e
=hmpLg. or D i Kb Yer o :
2045C 1.575 -7.294 8.6 8.2 1.634 -7.184 7.9 12
2083C 1.718 -7.351 8.5 8.1 1.795 -7.220 7.8 7.1
2083E 1.660 -6.998 9.2 87, 1.729 -6.874 8.4 17172
Case 2. (Adapted from Hensen et al., 1975)
2045C 1.194 -8.127 7.0 6.7 1.307 -7.854 6.7 6.0
2083C 1.260 -8.281 6.7 6.4 1.398 -7.968 6.4 5.9
2083E 1.234 -7.885 7.4 7 1.363 -7.589 7.0 6.5
Case 3. Ideal solution in garnet
2045C 1.0 -8.658 6.0 57 1.0 -8.658 5.2 4.7
2083C 1.0 -8.974 5.3 5.1 1.0 -8.974 4.6 4.2
2083E 1.0 -8.517 6.2 SR 1.0 -8.517 5.4 4.9
Wor-py Yor-an Yan-py
Case S keal T°C
i: 3.8 0 2.5 930,840
2 2.29 0 2.5 930
2 2.67 [ 2.5 840
3 [ 0 0 930,840
Y - activity coefficient; W - Margules parameter
Gr - grossular; Am - almandine; Py - pyrope
= - 1
KD (YGrXGr)Garnet/(YAnxAn)plagioclase where] X = mole| fraction
1. Cressey et al (1978) 2. Schmid and Wood (2976)
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tion curves from the high temperatures used in the
laboratory (mostly greater than 1000°C) to the lower
temperatures estimated for the natural assemblages.
In the case of iron, some of the Enderby Land sap-
phirine—quartz rocks are more magnesian than the
examples discussed by Seifert, and the shifts in the
positions of reaction curves due to FeO and Fe,O,
may thus be relatively small compared to other am-
biguities involved in applying experimental data to
Enderby Land. Moreover, these shifts can be pre-
dicted qualitatively. The fractionation of Fe®* and
Mg illustrated in Figure 4 implies that the sillima-
nite-orthopyroxene field and sapphirine-quartz field
(Fig. 5) expand to lower pressures in FeO-bearing
rocks. The five-phase assemblage (sapphirine-sil-
limanite-orthopyroxene—cordierite-quartz) in such
rocks is univariant and defines a P-T curve inferred
to have a negative slope (Hensen, 1971, Fig. 1). Con-
sequently, the temperature of the invariant point for
this five-phase assemblage in the MgO-SiO,~Al,0,
system is a minimum for the sapphirine-quartz asso-
ciation in FeO-bearing rocks. On the other hand,
Fe,0, would expand the sapphirine-quartz field and
shift the invariant point to lower temperatures, as the
Fe**/Fe** ratio of sapphirine is greater than those of
associated orthopyroxene and cordierite (Caporuscio
and Morse, 1978). The pressure of the five-phase as-
semblage would be lower in natural systems contain-
ing FeO or Fe,0, relative to the MgO-Al,0,-SiO,
system, while the temperature may not differ greatly.
The problem of extrapolating experimental data to
geologic temperatures is more serious. The five-phase
invariant point has not been located experimentally.
Newton et al. (1974) estimated its position at 950°C
and 8 kbar by extrapolating (with the help of ther-
mochemical calculations) the two experimentally de-
termined univariant reactions (cordierite = sapphi-
rine + quartz + orthopyroxene, and sillimanite +
orthopyroxene = quartz + sapphirine). If an allow-
ance is made for possible differences in cation dis-
order between synthetic and natural sapphirine, as
indicated by calorimetric measurements (Charlu ez
al., 1975), the invariant point is shifted to 825°C
(Newton ez al., 1974). Only the 825°C estimate is
consistent with the temperatures of metamorphism in
the Tula Mountains calculated from mineral compo-
sitions. This result could be interpreted as support for
the suggestions of Newton ef al. and Charlu et al.
that the thermochemical properties of synthetic sap-
phirine differ considerably from those of natural sap-
phirines (not to be confused with the triclinic and
monoclinic polytypes of sapphirine, S. Merlino,

1980). It could also signify that the curvature in the
sillimanite + orthopyroxene = sapphirine + quartz
reaction is less than that inferred by Newton et al,
and consequently, the intercept of the two univariant
curves is at a temperature lower than 950°C.

The quartz—orthopyroxene-sillimanite (+sapphi-
rine) association in the Reference Peak quartzite
must have crystallized close to the univariant reac-
tion involving these four minerals. As the temper-
ature of crystallization at Reference Peak may have
been similar to that for Tula Mountains, an increase
in lithostatic pressure may be the cause of the change
in mineralogy at Reference Peak. In contrast, Morse
and Talley (1971) attribute the replacement of sap-
phirine—quartz by sillimanite-orthopyroxene to a de-
crease in temperature at nearly constant pressure.

The cordierite overgrowths on sapphirine in the
Tula Mountain quartzites may be due to alteration
following the most intense metamorphic event, and
possibly reflect a decrease in both temperature and
pressure. The reaction of sapphirine and quartz to
cordierite probably occurs only under conditions of
low water partial pressure (Newton, 1972).

Mafic rocks

The association garnet-clinopyroxene-ortho-
pyroxene-plagioclase+quartz has not been found in
mafic rocks of the Tula Mountains, although it does
occur on Amundsen Bay (Sheraton ef al., 1980) and
Mt. Charles (Fig. 1). Garnet and clinopyroxene at
Mount Charles occur together in both olivine-norma-
tive and quartz-normative rocks having Niggli mg
values of 0.3 to 0.5 (Grew, unpub. data). These rocks
are thus more iron-rich than the materials used in the
experimental determination of the tholeiite-garnet
granulite transition (Fig. 5, from Green and Ring-
wood, 1967; Ito and Kennedy, 1971). These experi-
mentalists agree that decreasing Mg/Fe ratio de-
creases the pressure of the first appearance of garnet
in rocks of basaltic composition. The appearance of
the garnet-clinopyroxene association at Mount
Charles would be possible under the conditions esti-
mated for the sapphirine-quartz association (Fig. 5),
particularly if metamorphic pressures were higher at
Mt. Charles than in the Tula Mountains, as Sheraton
et al. (1980) suggest. An increase in pressure south-
wards of the Tula Mountains is also indicated by
data on the Reference Peak quartzite.

Conclusion

The relatively rare assemblage sapphirine—quartz
is exposed over a fairly large area in the Archean
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(2500 m.y.) Napier complex of western Enderby
Land. Textures and compositional relationships in-
dicate that this association was in equilibrium at the
peak of metamorphism. On the basis of mineral
chemistry, metamorphic temperatures and pressures
for the crystallization of sapphirine—quartz are esti-
mated to be 900+30°C and 7+1 kbar. For the reac-
tion of sapphirine and quartz to sillimanite and or-
thopyroxene, pressures may have been somewhat
greater. Partial pressure of water during metamorph-
ism was significantly less than lithostatic pressure.
These pressure and temperature estimates are not en-
tirely consistent with the development of sapphirine—
quartz in Mg—Al-rich rocks as predicted from experi-
mental results. This discrepancy could be explained
by differences in the degree of cation disorder in syn-
thetic and natural sapphirine (Newton et al., 1974;
Charlu ez al., 1975) or by inaccurate extrapolation to
geologically reasonable temperatures of the experi-
mentally derived reaction sapphirine + quartz = sil-
limanite + orthopyroxene.

Metamorphic pressures of 6 to 8 kbar are equiva-
lent to depths of burial of 21 to 28 km. Correspond-
ing thermal gradients lie in the range 30°C/km to
44°C/km, with 37°C/km the value based on the pre-
ferred P-T estimate of 900°C and 7 kbar. These val-
ues are comparable to the 18-35°C/km estimated for
Archean granulites (Tarney and Windley, 1977;
Weaver et al, 1978) and to Lambert’s (1976) sug-
gested 36°C/km late Archean geotherm. However,
the calculated pressure-temperature conditions can-
not be unequivocally attributed to regional meta-
morphism (see Lambert, 1976). Although no plutonic
bodies have been reported from the area shown in
Figure 1, exposure is sufficiently poor that a plutonic
rock may be present, but concealed by ice. Osumilite,
normally a mineral of volcanic rocks, has been re-
ported from granulite-facies contact aureoles of
anorthositic complexes in Labrador (Berg and
Wheeler, 1976) and in Norway (Maijer et al., 1977).
Osumilite in the Tula Mountains (Fig. 1) may also be
related to concealed anorthositic bodies at depth
(Sheraton et al., 1980), and these authors report “thin
anorthosite layers” at two localities in the Tula
Mountains. In addition, Sheraton er al. (1980) note
that a negative modified free-air gravity anomaly
mapped by Wellman and Tingey (in press) roughly
corresponds to the outcrop area of the sapphirine-
quartz association and suggest that this anomaly may
be associated with anorthosite. One difficulty in ac-
cepting a contact metamorphic origin of osumilite
and of the sapphirine—quartz association in Enderby
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Land is their occurrence on a regional scale (Shera-
ton et al., 1980). Possibly the distribution of osumilite
and of the sapphirine—quartz association is not
strictly regional. The presence of these minerals over
a large area could be attributed to the partial coalesc-
ing of contact aureoles around small anorthosite bod-
ies widely distributed throughout the Tula Moun-
tains. An abundance of small anorthosite bodies
could also explain Wellman and Tingey’s (in press)
gravity anomaly.
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Significance of hornblende in calc-alkaline andesites and basalts
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Abstract

Hornblende occurs in some andesitic and basaltic rocks of calc-alkaline affinity, where it is
commonly associated with olivine. The texture, eruption history, and composition are inter-
preted to indicate that hornblende commonly forms as a product of reaction between olivine
and basaltic and andesitic liquids. The natural hornblendes probably formed within the crust
at temperatures between 960° and 1080°C from liquids with less than about 6 weight percent
H,O. The formation of hornblende from basaltic liquid within the crust has implications for
evolution of continental crust, as well as for the origin of andesite and thermal conditions in

subduction zones.

Introduction

Boettcher (1973) and others (Mueller, 1969; Hol-
loway and Burnham, 1972; Green, 1972; Helz, 1976;
Cawthorn and O’Hara, 1976; Allen and Boettcher,
1978) argue that amphibole plays an important role
in governing the compositions of calc-alkaline ande-
sites. The mechanisms whereby amphibole suppos-
edly exerts its role are not clear. Is it left behind in a
crystalline residue—where is it: in the crust or in the
mantle? Does amphibole crystallize and separate
from a parental liquid—what are the composition
and temperature of the parental liquid? Does amphi-
bole crystallize from a derivative liquid which mixes
with a parental liquid to yield andesite? Amphibole
occurs in some calc-alkaline volcanic and plutonic
rocks with basaltic and andesitic bulk compositions,
but the significance of such occurrences is uncertain
without textural evidence of how it got there: is the
amphibole a primary igneous mineral or a product of
alteration? If igneous, over what interval of crystalli-
zation did it form, and was the composition of the
liquid in that interval andesitic, dacitic, or basaltic? If
amphibole can be shown to have actually formed
from a liquid with a certain composition, what does
that portend for the concentration of H,O in and the
temperature of the liquid? My aim is to help point
the way to answers to some of the above questions by
critically examining evidence on the growth of am-
phibole from basaltic and andesitic liquids, both ex-
perimental and natural.
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Definitions

In using the word liquid, I mean to refer to a single
state of matter (a homogeneous liquid phase). It is vi-
tal to distinguish between the composition of a liquid
(generally a residual liquid) and the composition of
the bulk material. Petrographically a certain horn-
blende may be associated with a particular residual
liquid. Experimentally a certain bulk composition
may crystallize hornblende at or below the liquidus.
The residual liquid associated with hornblende will
generally differ in composition from the bulk. Ther-
modynamically the composition and temperature of
a certain liquid can remain constant as the propor-
tions of crystals and liquid vary. To interpret a given
association of hornblende and liquid, the petrogra-
pher must seek experimental conditions which yield
hornblende and liquid with compositions similar to
those observed. If analogy is drawn with a particular
bulk composition (and liquidus hornblende) the im-
plied pressure (and concentration of H,O in the lig-
uid) is larger than if analogy is made with a residual
liquid. The implications for temperature are complex
and depend on the concentration of H,O in the liquid
as well as on compositional features such as Fe/Mg
and concentrations of alkalis.

Hornblende in experimental products

Experimental studies yielding hornblende in prod-
ucts with either calc-alkaline bulk compositions or
with residual liquids having analogous compositions
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reveal: (1) Hornblende is a liquidus or near-liquidus
mineral in some basaltic bulk compositions if Py o
exceeds about 10 kbar (Yoder and Tilley, 1962;
Green and Ringwood, 1968; Allen et al., 1975; Stern
et al., 1975) and if H,0O dissolved in liquid exceeds
about 12 weight percent. (2) In some andesitic bulk
compositions hornblende is a liquidus mineral if Py, ¢
exceeds about 2 kbar (Piwinskii, 1973). (3) As P,
decreases below P,., the hornblende-out curve lies
progressively farther below the liquidus (Robertson
and Wyllie, 1971; Holloway and Burnham, 1972;
Green, 1972; Eggler and Burnham, 1973; Allen and
Boettcher, 1978). (4) The proportion and composi-
tion of residual liquid change dramatically over an
interval of temperature less than 50°C after the be-
ginning of crystallization of hornblende (Holloway
and Burnham, 1972). (5) Near the liquidus low oxy-
gen fugacity favors the crystallization of hornblende
compared to pyroxene (Helz, 1973, 1976). (6) The re-
actions between hornblende, liquid and other crystals
are complex (Bowen, 1928, p. 61, 85, 111; Helz,
1976). (7) Hornblende is stable to the highest temper-
atures and lowest concentrations of H,O in liquid in
systems (a) where olivine is present (Helz, 1976), (b)
where Py, < P, (Holloway, 1973), and (c) where
significant F is present (Holloway and Ford, 1975).
The above relations are summarized on Figure 1.
The coordinates of Figure 1 are qualitative. Quan-
titative values will vary with bulk composition.
Lesser MgO and Mg/(Fe+Mg) will diminish the
temperature of olivine, pyroxene, and hornblende
liquidus surfaces. The field for liquidus hornblende
will then extend farther into the vapor-absent portion
of the diagram. Lesser concentrations of Al,O, will
shift more of the liquidus surface into the olivine and
pyroxene fields and diminish the area of the liquidus
field for plagioclase. Consequently, the combination
of low AL O, and high MgO may obliterate the lig-
uidus surface having hornblende, olivine, and plagio-
clase (see Bowen, 1928, p. 111). For a natural magma
with CO, as well as H,O, there will be a range in Xy 0
in addition to a boundary marking vapor-absent and
vapor-present regions. Reactions between olivine,
pyroxene, hornblende, and liquid add complications
not shown on the diagram. Spinel and magnetite are
probable additional liquidus minerals but are not
shown. For simplicity only one pyroxene is depicted.
Calcium-rich clinopyroxene is the liquidus pyroxene
but is joined and/or replaced by orthopyroxene be-
low the liquidus at temperatures below or near that
of the appearance of hornblende. Except for such

Fig. 1. Simplified hypothetical P-T-Xy,o equilibrium diagram
for a high-alumina basalt. The diagram is drawn in perspective.
The origin is not shown. The concentration of H,O refers to the
bulk material. The stippled and dashed regions are saturated with
vapor rich in H,O. Below the liquidus surface the pyroxene (Px)-
out and olivine (Ol)-in surfaces are assumed to coincide for
simplicity. Fields for spinel and magnetite are omitted for
simplicity. Hornblende (Hb) is a liquidus mineral in both vapor-
absent and vapor-present regions. The liquidus hornblende is
accompanied either by liquidus Ol or by both plagioclase (P1) and
Ol. Only one symbol is shown for pyroxene (Px). Liquidus Px is
calcium-rich. Low-calcium pyroxene probably predominates if Hb
is abundant.

simplifications, the diagram is consistent with exist-
ing experimental and natural data.

It would be helpful to know the positions of sur-
faces of equal SiO, in the liquid (H,O-free basis). At
present the coordinates of such surfaces in Figure 1
are uncertain. Qualitatively, it is possible to give
some limits. I consider a surface of SiO, = 60 weight
percent on an anhydrous basis, corresponding
roughly to andesite. Because the composition of the
residual liquid changes steeply with temperature af-
ter the beginning of crystallization of hornblende
(Holloway and Burnham, 1972), it is reasonable to
expect the 60 percent SiO, surface to lie close to the
hornblende-out surface. In the region of the diagram
where hornblende is a liquidus mineral (hornblende-
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out corresponds to liquidus), the 60 percent SiO, sur-
face must lie below the hornblende-out surface. In
the region of the diagram where the hornblende-out
surface is far below the liquidus (for example, sub-
aerial basalts with about 0.1 weight percent H,0), re-
sidual liquids with more than 60 percent SiO, may
develop in the absence of hornblende. Therefore, the
60 percent SiO, surface may intgrsect the horn-
blende-out surface, unless crystallization intervenes.

It is probable, but uncertain, that residual liquid in
anhydrous high-alumina basalt attains 60 percent
Si0, before complete crystallization if equilibrium is
maintained. Residual glasses in natural high-alumina
basalts have 62 (Fuego volcano, Guatemala—Rose et
al.,, 1978) and 67 (Hat Creek flow, California—An-
derson and Gottfried, 1971) percent SiO,. However,
equilibrium is not maintained throughout the natural
rocks. Because the minerals [plagioclase (AnS5), aug-
ite, olivine (Fo66), and magnetite] associated with
the residual glass at Fuego are compositionally simi-
lar to the normative minerals [plagioclase (An50),
pyroxene, olivine (Fo70), magnetite, and ilmenite,
based on the weighted average composition with 1/3
of the iron trivalent], I conclude that anhydrous,
calc-alkaline, high-alumina olivine tholeiites ex-
emplified by Fuego probably yield equilibrium resid-
ual liquids with 60 percent or more Si0O, before com-
plete crystallization. Therefore the equilibrium
surface for residual liquids with 60 percent SiO,
probably intersects the hornblende-out surface.

The intersection of the 60 percent SiO, and horn-
blende-out surfaces may have major petrological sig-
nificance. In a given bulk composition residual lig-
uids with 60 percent SiO, will vary compositionally
in accordance with the amounts of associated miner-
als, particularly hornblende. Many workers have
pointed out that crystallization of hornblende can
yield calc-alkaline residual liquids (Green and Ring-
wood, 1968; Boettcher, 1973; Holloway and Burn-
ham, 1972; Helz, 1976; Cawthorn and O’Hara, 1976).
Andesitic residual liquids not associated with horn-
blende may be alkalic or alkali-calcic. The residual
liquid with 60 percent SiQ, may have both a smaller
ratio of Fe/(Mg+Fe) and a lower temperature if
hornblende is present than if it is absent. For a given
bulk composition the amount of hornblende associ-
ated with a residual liquid having 60 percent SiO,
will be maximized: (1) if the initial concentration of
H,O is large; (2) if crystallization occurs at constant
or increasing pressure; and (3) if equilibrium (reac-
tion) is maintained. Consequently, many differences
between various andesitic liquids may be explained
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by either contrasting initial concentrations of H,O in
parental high-alumina basaltic magma, variable
depth of crystallization, or extent of reaction during
crystallization,

Some natural calc-alkaline liquids associated with
hornblende are less siliceous and hotter than most
experimental analogs. The natural occurrences sug-
gest that the field of liquidus hornblende extends to
lower concentrations and partial pressures of H,O
than is indicated by most existing experimental re-
sults.

Hornblende associated with natural andesitic liquid

Many andesites have phenocrysts of hornblende
(see for example, Moorhouse, 1959, p. 189-190;
Turner and Verhoogen, 1960, p. 272-282) but most
do not. Many, perhaps most, andesites contain clots
of anhydrous crystals which may be reaction prod-
ucts of hornblende (Stewart, 1975); however, the oc-
currence of oscillatory zoned plagioclases within
such clots suggests a different origin (Garcia and Ja-
cobson, 1979).

Most hornblende andesites have more than about
60 percent SiO, (Kuno, 1950; Jaké&s and White, 1972;
Sakuyama, 1979); the groundmass probably is dacitic
to rhyolitic in composition. The hornblendes com-
monly are rimmed or cored by crystals of pyroxene,
plagioclase, and other minerals. The compositions of
the hornblendes may be modified after crystalliza-
tion. Thus the compositional relations between horn-
blende and andesitic liquid are difficult to infer from
most occurrences.

Below I describe an association of hornblende and
andesitic glass included in olivine from a lapillus of
porphyritic andesite.

The 1783 eruption of Asama Volcano, Japan. Back-
ground: the eruption and its products

Asama volcano is a composite andesitic strato-
volcano in central Honshu, Japan. Its geology is
documented by Aramaki (1963) and briefly summa-
rized by Anderson (1979).

The history of the 1783 eruption helps constrain
the history of cooling and decompression which af-
fected the extruded products. Although complex, this
eruption probably is typical of the principal way
Asama has grown. It involved a succession of Plinian
explosions which produced about 0.17 km® of pyro-
clastic material (Minakami, 1942) and an equal vol-
ume of lava (Aramaki, 1956). The early products
were air-fall pumice lapilli and ash; ash flows formed
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on and after August 3 when the culminating blast oc-

curred; an andesitic lava flow formed during the final
phase of the eruption. The details are reported by
Aramaki (1956, 1957), who interpreted the eruption
sequence in terms of an initial vent-clearing phase
between June 25 and August 2, 1783 followed by ex-
trusion from a subvolcanic body of magma on and
after August 3, 1783.

Petrography. The 1783 andesitic pumice lumps
vary from light to medium brown; some have streaks
of different shades of brown. Lapillus AM2-2 (An-
derson, 1979) is medium brown. It was collected
from a layer of air-fall lapilli which probably formed
on or before August 2.

The pumice contains mm-sized phenocrysts of
plagioclase, augite, hypersthene, magnetite, and il-
menite. Plagioclase is the principal phenocryst and
makes up about 20 volume percent of the pumice on
a void-free basis. Most of the plagioclases are sub-
hedral to anhedral crystals with irregular cores sieved
with vermicular inclusions of glass and gas. The
cores are surrounded by a normally-zoned rim which
is free of inclusions and 10 to 50 pym thick. Other
plagioclases are poor in inclusions and oscillatory-
zoned with skeletal protrusions. The augites contain
inclusions of glass and lamellae of pyroxene in irreg-
ular, pale green cores. Some augites occur in clots
where they are subhedral and irregular against each
other. Commonly a zone of inclusions of plagioclase
and pyroxene marks the boundary between a pale
green core and deeper green rim. The rims are 50 to
about 150 pm thick. Glasses included in pyroxene,
plagioclase, and oxide phenocrysts range from about
70 to 79 weight percent Si0,; the host glass outside of
the phenocrysts has about 72 percent SiO, (Ander-
son, 1979).

Crystals of olivine (Fo79-Fo085) are rare. The oli-
vines have 50-pm-thick rims of hypersthene or aug-
ite. There is more olivine in medium-brown pumice
than in light brown pumice. Inclusions of glass in oli-
vine crystals have 54 to 61 weight percent SiO, on an
anhydrous basis (Anderson, 1979).

Hornblende associated with andesitic glass. Horn-
blende occurs together with andesitic glass included
in an olivine crystal from the lapillus AM2-2 of me-
dium-brown andesitic pumice (Fig. 2, Table 1). The
hornblende is pale brown and faceted against glass.
A second mineral (probably orthopyroxene) occurs
with hornblende in the inclusion. It is colorless, long
and prismatic, and has a refractive index close to that
of the hornblende. The included glass has a round
contact with the olivine host crystal. The microprobe
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Fig. 2. Inclusion of glass (G), hornblende (H), and probable
pyroxene (P) in olivine (O). The long dimension of the
photograph is about 200 pm. Dip and strike symbols refer to the
attitude of the contact between olivine and glass referred to the
polished surface as horizontal. The olivine crystal is rimmed by
orthopyroxene and is from a lump of pumice extruded from
Asama volcano, probably on or before August 2, 1783.

analysis yields an estimated 4 percent of H,O in the
glass (Anderson, 1979).

A second, smaller inclusion in the same olivine
crystal contains a pale brown crystal which is prob-
ably hornblende (Fig. 3). It comprises about 2 vol-
ume percent of the inclusion. Anisotropic and
opaque crystals line the inside wall of the vapor
bubble in the small inclusion.

The olivine host crystal of the hornblende-bearing
inclusion is Fo83 (Table 1) compared to Fo79 to
Fo85 for olivines from other lumps of pumice of the
1783 eruption (Anderson, 1979). The composition of
the preserved glass (Table 1, column 2) is close to but
more silicic than that of other inclusions in olivine
which lack hornblende (Table 1, column 4).

Homnblende comprises about 30 volume percent of
the large inclusion (Fig. 2), some of which was re-
moved by sectioning. Probable orthopyroxene com-
prises about 10 volume percent. Most inclusions in
Asama olivines are subspherical to ellipsoidal. The
hornblende-bearing inclusion has walls which dip
away from the inclusions at high angles (Fig. 2).

Attached phenocrysts of magnetite and ilmenite
occur in the same lump of pumice. Their composi-
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Table 1. Chemical compositions of hornblende and andesitic liquid with comparisons

Col.! 1 2 3 4 5 6 7 8 9
Si0, 42.6 61.3 57.0 56.0 60.5 55.5 63.2 63.8 60.0
A1,0, 15145 21.0 20.9 19.7 20.0 17.3 20.3 18.6 20.4
Fe0? 8.2 3.4 3.6 6.9 4.2 8.5 3.0 4.3 4.5
Mg0 15.6 2.6 3.4 3.0 1.1 3.4 -~ 0.3 0.7 4.3
Ca0 12.7 5.5 8.9 10.0 8.4 9.2 7.4 6.9 7.5
Na,0 2.6 4.3 4.0 2.9 3.2 2.8 3.0 2.8 0.9
K0 0.3 1.5 1.2 0.6 0.8 0.7 0.9 1.0 0.9
Ti0, 2.4 0.3 1.2 0.8 1.3 2.2 142 1.2 1.2
C1 0.05 0.15 0.12 0.08 n.d. n.d. n.d. n.d. n.d.
Sum3 98.2 97.4 95.5 87.3 85.7 84.0 83.7 n.r.
H,0% 3 4 3 10 10 10 6 ?10
TS 1080-960 1080-960 1080-960 1015 1045 1050 999 1010
pé 0.1-17? 0.1-1? 0.1-1? 5 5 8.0 542 13
Assoc.” Fo83,Px? Hb,Fo083, Fo79 Hb,Cpx, Hb,Cpx, Hb,Cpx, Cpx,Hb, Hb,Cpx
Px? 01 01,0x 01,Mt 01,Mt 0x

ISee key to columns below.
2A11 iron as Fe0.

3Sum of the original analysis. Reported analyses are recalculated to 100 percent except for rounding errors.
Original sum for column 9 is not published. Sums are H,0-free.

“Estimated concentration of H,0. Estimated by difference (Anderson, 1973) for colums 1, 2, 4; estimated from
pressure, gas composition and solubility otherwise.

SEstimated temperature in degrees Celsius. See text for columns 1, 2, 4. Otherwise published run temperature.

6Estimatc)ad pressure in Kbar. See text for 1 and 2. Otherwise run pressure (total pressure not necessarily same
as Py g).
2

7Coexisting minerals: Fo = olivine with atomic ratio of 100 Mg/(Mg+Fe); Hb = hornblende, Px = pyroxene, Cpx =
calcium-rich pyroxene, Ol = olivine, Mt = magnetite, Ox = oxide.

Key to Columns:
1 = Hornblende included in olivine together with glass of column 2 (analysis 9 of Table 3 of Anderson, 1979).
2 = Andesitic glass included in olivine, Asama 1783 (analysis 8 of Table 3 of Anderson, 1979).

3 = Result of adding 0.4 parts hornblende (columr 1)}, 0.7 parts glass {column 2), and 0.1 part of orthopyroxene
(stoichiometric En83) and subtracting 0.2 parts olivine (Fo83).

4 = Andesitic glass included in olivine, Asama 1783 (analysis 10 of Table 3 of Anderson, 1979).
5 = Synthetic andesitic glass (analysis 15a of Table 7b of Helz, 1976).
6 = Synthetic andesitic glass (analysis 16a of Table 7b of Helz, 1976).

7 = Synthetic andesitic glass (from Table 8 of Holloway and Burnham, 1972).
8 = Synthetic andesitic glass (from Table 8 of Holloway and Burnham, 1972).
9 = Synthetic andesitic glass (average of analyses 21 and 22 of Table 6a of Allen and Boettcher, 1978).

tions (Hm24, Usp34) suggest a temperature of equili- 1070°C, according to my visual interpolation of data
bration of 1080°C, according to the unpublished geo- by Buddington and Lindsley (1964) and Taylor
thermometer of Lindsley and Rumble (1977). The (1964). Similar compositions but lower temperatures
same compositions suggest a temperature of 1060° to  (990°-1020°C) were reported by Oshima (1976).
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Fig. 3. Photograph of a second, smaller inclusion in the same
crystal as that shown in Fig. 2. The inclusion is about 30 um long
and contains a pale brown crystal of probable hornblende (H) and
a dark bubble of vapor.

Interpretation

The andesitic glass (Table 2, column 1) probably is
in a state of quenched equilibrium with olivine
(about Fo83) and hornblende, because the pumice
lump in which it occurs was explosively erupted and
cooled in air before falling to the ground. The in-
clusion probably cooled from about 1080°C to a few
hundred degrees C in a few minutes, judging from
the Plinian explosions which probably erupted it in
late July or early August of 1783 (Aramaki, 1956;
written communication, 1979). Possibly the inclusion
was contained in a froth of magma at a few hundred
atmospheres or less for a few days, because it was ex-
truded during the early part of the eruption when the
vent probably was intermittently filled with froth.

I interpret the textural, compositional, and histori-
cal facts to suggest that andesitic or basaltic liquid
carried crystals of olivine into a crystal-rich body of
andesitic magma during or before the early stages of
the eruption (May 9 to August 2). The irregular an-
hedral cores of many plagioclase crystals suggest
fragmentation. The abundance of gas in the sieved
cores suggests that fragmentation was accompanied
by and/or caused by effervescence. The rims on the
crystals of plagioclase, pyroxene, and olivine indicate

that reaction and crystallization took place after frag-
mentation. The faceted (not skeletal) shape and size
of hornblende included in olivine suggest it to be a
daughter crystal or reaction product rather than a
quench crystal or product of devitrification. The
round contact between the olivine and glass associ-
ated with hornblende is consistent with a reaction re-
lation between olivine, liquid, and hornblende. Crys-
tals intergrown with a residual rhyolitic liquid were
broken apart and overgrown probably because in-
vading, olivine—porphyritic magma caused efferves-
cence of the interstitial liquid (due to pressure release
and/or temperature increase) and contaminated the
liquid with relatively refractory constituents.

Liquids trapped within the olivine crystals became
modified in composition as a result of growth of
daughter crystals of hornblende and/or pyroxene
and reaction with olivine, because the temperature
decreased from that in the initial environment to
near that of the invaded andesitic magma with resid-
ual rhyolitic liquid.

The initial composition of the trapped liquid be-
fore crystallization of hornblende and pyroxene can
be estimated by adding 0.4 parts hornblende, 0.1
parts pyroxene and 0.7 parts andesitic glass, and sub-
tracting 0.2 parts olivine. The result (Table 1, column
3) is somewhat similar in composition to other in-
clusions of andesitic glass in olivines which lack
hornblende (Table 1, column 4). If other minerals are
included in the calculation, the similarity can be in-
creased. Some inclusions of glass in the Asama 1783
olivines have as little as 54 percent SiO, (Anderson,
1979). It is not possible to relate all the glasses to a
common precursor without including either minerals
not now in contact with the glasses, or residual rhyo-
litic liquids as mixing components, or both. The ori-
gins of the glasses included in the olivines are com-
plex if considered in detail. Such detail is beyond the
scope of this paper. Subtraction of olivine in the
above calculation corresponds to resorption of oli-
vine concomitant with crystallization of hornblende
and pyroxene from a less silicic liquid precursor.
Probably the andesitic liquid was in equilibrium with
hornblende, pyroxene, and olivine at the temperature
of eruptive quenching; however, the relation with oli-
vine probably was one of reaction.

Two kinds of experimental results can be com-
pared with the natural association of hornblende, py-
roxene, olivine, and andesitic liquid. Consequently, it
is possible to obtain two estimates of the temperature
and the concentration of H,O in the silicate liquid. In
the first case comparison is made with the liquidus



ANDERSON: HORNBLENDE IN CALC-ALKALINE ANDESITES 843

Table 2. Chemical compositions of hornblendes and associated basaltic materials

Col.1 1 2 3 4 5 f 7 8 9
Si0, 42.8 54.5 51.0 42.1 51377 41.4 54.0 40.7 55135
AT,0, 13.6 18.1 19.1 14.3 18.4 16.5 17.7 13.3 17.3
FeQ? 10.5 9.4 10.0 10.8 9.7 12.4 9.2 14.2 8.5
Mg0 15.3 8.5 5.4 15.6 5.3 14.1 4.8 13.0 3.4
Ca0 12.2 8.3 9.3 11.8 10.3 11.0 8.3 10.7 9.3
Na,0 2.3 37 3.0 2.5 2.9 2.6 3.8 2.0 2.8
K,0 0.4 1.0 0.6 .3 0.5 0.1 0.8 0.5 0.7
Ti0, 2.7 i, 2 1.1 .1 1.0 1.8 1.3 4.4 A, 2
C1 0.05 0.12 0.09 n.d. n.d. n.d. n.d. n.d. n.d.
Sum3 98.9 93.8 94.3 99.8 99.8 98.7 99.8 98.7 85.7
H,04 1 4 4 1.8 n.d. n.d. n.d. n.d. 8
TS 1030 1030 1030 n.d. n.d. 1000 1000 1045 1045
pé 1-2 1-2 1-2 8 8 12-30 12-30 5 5
Assoc.” An92 An86 Fo79 01,Cpx, 01,Cpx Fo83 01,P1 FoB82-84 Fo82-84
PT1,Mt Hb,P1, Cr,Cpx Hb,Cr,Cpx
Mt

Key to Columns (see Table 1 for footnotes):

1 = Hornblende included in core of plagioclase phenocryst from Fuego (analysis reported in legend to Figure 16,

p. 20 of Rose et al., 1978).

~n
n

1978).

Glass included in rim of plagioclase phenocryst (An83) of column 7 (analysis No. 6 of Table 6 of Rose et al.,

3 = Glass included in olivine (Fo79) from Fuego (analysis 4 of Table 6 of Rose et al., 1978, and close in composition

to the weighted average of the 1974 erupted ash).

4 = Hornblende from gabbroic block, La Soufrigdre, St. Vincent (analysis 1 of Table 6 of Lewis, 1973a).

5 = Fine §rained, interstitial material from same gabbroic block as column 9 (analysis 1 of Table 4 of Lewis,

1973b

6 = Hornblende inclusions in olivine phenocrysts, Little Mt. Hoffman basalt, California (column 2, Table 2 of

Mertzman, 1978).

~
n

Groundmass of Little Mt. Hoffman basalt (calculated by subtracting 10 percent olivine [Fo80] and 25 percent

plagioclase [An70] from the bulk rock--analysis 1 of Table 1 of Mertzman, 1978).

8 = Synthetic hornblende (Helz, 1976, Table 13a, No. 2, p. 192).

9 = Synthetic 1iquid associated with hornblende (column 8) calculated by Helz (1976, Table 7b, analysis No. 16a,

p. 152

phases of an andesitic bulk composition. In the sec-
ond case comparison is made with the residual liquid
in a basaltic bulk composition.

For the first comparison two assumptions are nec-
essary: (1) the hornblende is a hydroxy-hornblende;
(2) the minerals in contact with the natural andesitic
liquid are thermodynamically equivalent to the lig-
uidus phases of a system composed of the liquid
alone.

The first assumption is justifiable because: (1) the
natural hornblende contains negligible chlorine; (2)

its pale color suggests a negligible concentration of
oxycomponent; and (3) its fluorine content is un-
known, but probably small, because fluorine is a mi-
nor constitutent of most magmas. The second as-
sumption may be questioned because olivine
probably is in a reaction relation. For the present
purposes I assume that the presence of olivine may
be ignored. Consequently, I seek experimental condi-
tions which yield hornblende and pyroxene on the
liquidus of andesite. The compilation of Stern et al.
(1975) suggests that compositionally similar andesitic
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liquids have hornblende and clinopyroxene on the
liquidus if the temperature is below about 980°C and
the liquid contains more than about 10 weight per-
cent H,O. The results of Allen and Boettcher (1978)
on andesitic bulk compositions are consistent with
the above estimate: more than 10 weight percent H,0O
in the liquid.

For the second comparison only one assumption is
necessary: the hornblende is a hydroxy-hornblende
(justified above). I now seek experimental conditions
which yield hornblende, pyroxene, and andesitic lig-
uid in a reaction relation with olivine. Holloway and
Burnham (1972) and Helz (1973, 1976) encountered
andesitic residual liquidus associated with horn-
blende, pyroxene, and olivine (and in some cases
magnetite) at temperatures between about 1000 and
1050°C and with about 6 to 10 weight percent H,O
in the silicate liquid (Table 1, columns 5-8). Allen
and Boettcher (1978) found a comparable residual
liquid (Table 1, column 9, but no olivine). However,
the compositions of residual liquids are difficult to es-
tablish for experimental products. The detailed as-
sessment by Helz (1976) suggests that the residual
liquids at temperatures greater than about 1015°C
(at Py o = 5 kbar) are less siliceous than the natural
liquid. The results of Allen and Boettcher (1978) re-
veal that the maximum temperature of hornblende
stability increases from about 990° to 1050°C as the
mole fraction of H,O in the gas decreases from 1 to
about 0.25, consistent with the findings of Holloway
(1973). At the mole fraction of 0.25 and a total pres-
sure of 10 kbar, the partial pressure of H,O would be
about 2.5 kbar and there would be about 6 weight
percent H,O dissolved in the liquid. The Hawaiian
basalt investigated by Holloway and Burnham
(1972), Helz (1973, 1976) and Allen and Boettcher
(1978) probably is neither appropriate nor optimal
for the generation of natural andesitic residual lig-
uids because of its low concentrations of AL,O, and
alkalis. Consequently, it is likely that high-alumina
basalt would yield andesitic residual liquids associ-
ated with hornblende, pyroxene, and olivine at pres-
sures less than 5 kbar and with Py, less than P, at
temperatures greater than that found for Hawaiian
tholeiite at 5 kbar = P, = P,. (namely, greater
than about 1015°C).

The above comparisons suggest that andesitic lig-
uids and hornblende are stable to higher temper-
atures and lesser concentrations of H,O in basaltic
bulk compositions than in andesitic bulk composi-
tions. Probably the availability of olivine (or augite)
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as a reactant is a principal cause of the greater stabil-
ity of hornblende in basaltic systems. Other composi-
tional differences [greater Al,O, (Bowen, 1928, p.
111), and alkalis (Cawthorn and O’Hara, 1976)] may
help stabilize hornblende, but they cannot be eval-
uated quantitatively with published information. In
sum, comparison of the natural andesitic liquid and
associated minerals with experimental products sug-
gests that the natural liquid contained less than 6
weight percent H,O and quenched from a temper-
ature greater than 1015°C.

Sekine et al. [1979] studied experimentally the
Asama 1783 andesite. They found no hornblende on
or near the liquidus, but did estimate that the resid-
ual dacitic liquid (69-72 weight percent SiO;) of this
andesite contained 3.3 weight percent of H,O at
960°C before extrusion.

Could the concentration and fugacity of H,O in
the included andesitic liquid exceed that of the sur-
rounding residual dacitic liquid? Roedder’s (1965)
work reveals that olivines are strong enough at
1200°C to contain excess pressures of a few thousand
atmospheres in an inclusion. However, a significant
gradient of H,O fugacity from inclusion to rim of
crystal would probably disappear by diffusion in a
few days or weeks at temperatures near 1000°C,
judging from data on Fe, Mg, and O diffusivity in
olivine (Buening and Buseck, 1973; Muchlenbachs
and Kushiro, 1975). The diffusion of H,O probably is
comparable to that of oxygen because of the similar-
ity in size. The concentration of H,O (or OH") in oli-
vine probably is low in comparison to oxygen; con-
sequently, the concentration gradient and diffusion
of H,O in olivine may be small. Laboratory heating
experiments on natural olivines with inclusions of
glass suggest that diffusive transfer of H,O is effective
over tens of microns in a few hours at temperatures
above 1000°C (Anderson, 1974). Probably both tem-
perature and the fugacity of H,O in the trapped an-
desitic liquid associated with hornblende are similar
to those in the surrounding melt. Consequently, the
most probable conditions for growth of the horn-
blende from the trapped andesitic liquid are 1080°
(Fe-Ti oxides) to 960°C and 100 atm (plausible pres-
sure of froth in vent) to about 1000 atm of H,O pres-
sure (Sekine et al., 1979).

In sum, the eruptive history, texture, and composi-
tional relations of the hornblende-bearing inclusion
suggest that its glass represents an andesitic liquid
quenched from a temperature of 1020+60°C and a
partial pressure of H,O between about 100 and 1000
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atm. The liquid was in equilibrium with hornblende,
probably orthopyroxene, and olivine. The andesitic
liquid probably contained a few percent H,O.

Hornblende associated with natural calc-alkaline
basaltic liquid

Observational data

Hornblendes associated with calc-alkaline basaltic
material are known from La Soufriére, St. Vincent
(Lewis, 1973a,b), Fuego (Rose et al., 1978), and Med-
icine Lake Volcano, California (Mertzman, 1978).
Analyses of these hornblendes and related materials
are compared in Table 2. The compositions of the
hornblendes are similar and have 13.6 to 16.5 weight
percent AlL,O,, 2.3 to 2.6 weight percent Na,O, and
1.8 t0 2.7 weight percent TiO, on an anhydrous basis.

Interpretation

It is uncertain whether any of these hornblendes
are in a state of quenched equilibrium with basaltic
liquids, because the textural relationships are not de-
finitive and because quenched basaltic matrix is
termed andesite by some workers. A case-by-case
analysis and interpretation is necessary.

Fuego volcano, Guatemala

The analyzed hornblende (Table 2, column 1) is in
the anorthitic core (An92) of a plagioclase pheno-
cryst (An92 to An80). The most closely associated
analyzed glass (column 2, Table 2) is an inclusion in
the rim of the same crystal. The glass and the horn-
blende are not in contact. The crystal is depicted in
Figure 16 of Rose er al. (1978). The glass in the
plagioclase is transitional in composition between ba-
salt and andesite.

Rose et al. suggested that the hornblende included
in the anorthitic core actually grew from a liquid
with a more basaltic composition than the inclusion
of glass found within the rim of the plagioclase. Their
reasoning was as follows: many cores of anorthite
from the same eruption contain inclusions of olivine.
Subhedral crystals of anorthite (An92-90) are com-
mon in olivine phenocrysts. The anorthitic cores of
the plagioclase phenocrysts have round corners, com-
prise a low proprotion of the total plagioclase, are
subequant and little zoned. Most of the Fuego
plagioclase is oscillatory zoned. The textures of the
anorthite cores suggest that it is an early mineral to
form in the Fuego magma. Some olivine phenocrysts
contain inclusions of basaltic glass (51 percent SiO,)
which are close to the weighted average composition

of the bulk rock extruded in the October eruption.
The basaltic inclusions and bulk rock probably are
similar in composition to the parental liquid from
which the earliest crystals formed. The anorthitic
cores and the included hornblende probably formed
from a liquid with a composition near that of the ba-
saltic glasses (Table 2, column 3).

The temperature of the parental basaltic liquid
was about 1030°C; it contained about 4 weight per-
cent H,O (Rose et al., 1978). Subsequently, Harris
(1979) has directly measured 1.6 to 3.2 weight per-
cent of H,O in inclusions of glass in olivine pheno-
crysts from Fuego. The lower concentration of 1.6
weight percent H,O applies to parental liquid in
Fo77 olivine. Accordingly, a revised estimate of
1030+50°C and 1.6 weight percent H,O is preferable
for the Fuego liquid which probably precipitated the
hornblende.

La Soufriere, St. Vincent

Lewis’s (1973a,b) descriptions show that vesicular
and microcrystalline dark interstitial material
touches hornblende as well as olivine, plagioclase,
pyroxene, and magnetite in xenolith 770. The inter-
stitial material (termed scoria by Lewis) analyzed by
him is basaltic in composition (column 5, Table 2).
Lewis (written communication, 1979) considers his
separate to be a good one, little affected by products
of weathering and contaminating pieces of the crys-
tals from the gabbro. His analyses show that inter-
stitial scoria from different blocks differ in composi-
tion, consistent with an indigenous origin of the
interstitial material. The most siliceous interstitial
scoria comes from a block of gabbro lacking horn-
blende but containing olivine, plagioclase, pyroxene,
and magnetite. I would expect progressive solidi-
fication to increase the number of minerals, stabilize
hornblende, and enrich the residual liquid in K,O
and SiO,. Possibly the gabbro with the most siliceous
interstitial material originates from a lesser depth.
Lewis’s data suggest the crystallization of hornblende
from basaltic liquid.

Little Mt. Hoffman, California

Olivine phenocrysts in a basaltic lava from a vent
of Modoc Basalt (Powers, 1932) contain subround to
irregular inclusions of hornblende (Mertzman, 1978).
Olivine phenocrysts in the scoria of the cinder cone
(Little Mt. Hoffman) at the source of the flow have
round inclusions of devitrified glass, but no horn-
blende (A. T. Anderson, unpublished data). The
compositions of the hornblende and the groundmass
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of the basalt are given in Table 2, columns 6 and 7.

Because the hornblende occurs included in olivine
phenocrysts in basaltic lava, Mertzman (1978) rea-
sonably argued that the hornblende formed from ba-
saltic liquid. The occurrence of hornblende included
in olivine together with andesitic glass (see Asama,
above) suggests possible alternative interpretations:
(1) the olivines with hornblende are xenocrysts de-
rived from an andesitic environment, (2) the horn-
blendes are daughter crystals which crystallized after
the trapped melt attained an andesitic composition
by crystallizing olivine. Mertzman’s figures show that
the hornblende is associated with microcrystalline
material (probably formerly liquid). Because of its
round shape and association with microcrystalline
material, it is likely that the hornblende grew from
trapped liquid after it had crystallized olivine.
Growth of hornblende from supercooled liquid at a
pressure less than 1000 atmospheres is a third possi-
bility. The composition of the liquid from which the
hornblende in the Little Mt. Hoffman basalt formed
is uncertain. Mertzman (written communication,
1979) notes that the 0.1 weight percent of K,O in the
Little Mt. Hoffman hornblendes suggests that the lig-
uid from which they formed had less than about 0.5
percent K,O. Possibly the groundmass of the Little
Mt. Hoffman basalt is enriched in K,O by con-
tamination (compare studies of East Sand Butte and
cinder cone M39 of Anderson, 1976). Additional
work on the Little Mt. Hoffman materials is needed
to evaluate the alternatives. I suggest that the liquid
from which the hornblende grew was richerun SiO,
than is the bulk rock because of crystallization of oli-
vine. Probably the liquid was similar in composition
to that of the calculated groundmass given as column
7 of Table 2. The composition is that of a basaltic an-
desite.

Mertzman (1978) extrapolated the results of Yoder
and Tilley (1962) on the Warner high-alumina basalt
to estimate that the hornblende initially formed at
pressures greater than about 12 kbar. In my judge-
ment Mertzman’s application and extrapolation of
Yoder and Tilley’s work is not justified, because the
hornblende in question probably grew from a more
siliceous liquid with a greater Fe/(Fe + Mg) ratio
than the Warner basalt.

Summary

Evidence for the crystallization of hornblende
from natural calc-alkaline liquids at least as basic as
basaltic andesite (about 54 weight percent SiO,) is
compelling. The data of Rose et al. (1978) and Lewis
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(1973a,b) on ejecta of Fuego and Soufriére volca-
noes, respectively, suggest that hornblende grows
stably from some high-alumina basalt liquids with
about 51 weight percent SiO, at temperatures near
1030°C. The basaltic melts are comparatively rich in
Fe and poor in Mg and crystallize anorthitic plagio-
clase (commonly greater than An85), olivine (Fo84
to 66), and magnetite, as well as hornblende.

Experimental results (Helz, 1973, 1976) demon-
strate the crystallization of hornblende at crustal
pressures from basaltic andesite but not from basaltic
liquids. As argued above for andesitic liquids, the
crystallization of hornblende is fostered by greater
concentrations of alumina and alkalis and P, >
P,.c probable for natural high-alumina basaltic lig-
uids compared to the Hawaiian basalt studied by
Helz. The Warner high-alumina basalt studied by
Yoder and Tilley (1962) has atypically greater MgO,
MgO/(MgO + FeO), and low alkalis for basaltic
members of calc-alkaline magma series. Rose et al.
(1978) argued that the smaller MgO/MgO + FeO)
ratio for Fuego high-alumina basalt would have the
effect of making its olivine liquidus temperature
about 80°C less than that of the Warner basalt. The
difference might permit liquidus hornblende for ba-
salt with a concentration of about 5 percent H,O in
the liquid if Py, = P Experimental results are not
consistent with crystallization of hornblende from
some natural high-alumina basaltic liquids with less
than a few weight percent H,O.

General discussion

The facts and interpretations outlined above sug-
gest that hornblende crystallizes from andesitic and
basaltic liquids at crustal pressures. Most such horn-
blende probably is a product of a reaction between
liquid and olivine, as first suggested by Bowen (1928,
p. 61). The field and textural evidence of plutonic
rocks is consistent with crustal formation of horn-
blende by reaction between liquid and olivine
(Miller, 1938; Best and Mercy, 1967; Lewis, 1973b,
Ikeda, 1976; Walawender, 1976, Mullan and Bussell,
1977). The 10*- to 10°-year lifetimes of subduction-
zone volcanoes (McBirney et al., 1974; Rose et al,
1977; Mertzman, 1977; McBirney, 1978), the shorter-
term variations in compositions of extruded products
(Crandell and Mullineaux, 1973; Crandell ez al,
1962; Newhall, 1979), and the 1 km’ and smaller vol-
umes of products of most individual eruptions, as
well as the larger volumes of rare caldera-forming
eruptions (Smith, 1979), suggest that the roots of sub-
duction zone volcanoes have thicknesses less than
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about 1 km and solidify (and differentiate) on time
scales appropriate for cold (crustal) environments.
Geophysical models of Cenozoic island arcs suggest
they consist mostly of rock denser than andesite (for
example, see Grow, 1973). Gabbroic rocks, including
hornblende gabbro, have appropriate densities con-
sistent with Kuno’s (1968) model of a gabbroic crust
in island arcs. Dominant hornblende gabbro in is-
land arcs is particularly appealing because it can
yield derivative magmas with the calcium-rich cores
of plagioclase crystals, the isotopic ratios of stron-
tium and lead, and the bulk compositions typical of
many rocks in granodioritic batholiths (Piwinskii and
Wyllie, 1968; Faure and Powell, 1972; Doe, 1967;
Whyllie, 1977). The basaltic and andesitic liquids from
which hornblende forms appear to contain 1.6+0.3
(Harris, 1979) to 4+2 weight percent of H,O (Rose et
al., 1978; Anderson, 1979). The temperature at which
hornblende forms in such liquids is probably be-
tween 1080° and 960°C (see above).

Various factors probably contribute to the crystal-
lization of hornblende from natural basaltic and an-
desitic liquids with smaller concentrations of H,O
than the minimum of about 6 weight percent sug-
gested by experiments (Yoder and Tilley, 1962; Hol-
loway and Burnham, 1972; Green, 1972; Helz, 1973,
1976; Stern et al., 1975; Allen and Boettcher, 1978):
(1) olivine commonly is present as a reactant in natu-
ral associations; (2) natural liquids have some CO, in
addition to H,O (Harris, 1979), consequently Py, <
P....; (3) natural basaltic liquids associated with calc-
alkaline magma series have greater concentrations of
alumina and alkalis than Hawaiian basalts used in
experiments; (4) natural calc-alkaline basaltic liquids
have smaller MgO/(MgO + FeO) and greater con-
centrations of alkalis than the Warner basalt used in
experiments. All these differences probably enlarge
the field of stability of hornblende beyond that found
in experiments. Reaction with olivine and other fac-
tors probably foster the crystallization of hornblende
in some natural basaltic and andesitic liquids with
less than 6 weight percent of H,O, as suggested by
the natural occurrences described above.

Reaction between olivine and liquid yielding horn-
blende acts to minimize the increase in Fe/(Mg +
Fe) ratio in derivative liquids. Two factors are signif-
icant in minimizing the increase in Fe/(Mg + Fe):
(1) reaction between liquid and olivine; (2) crystalli-
zation of a hornblende-bearing assemblage of miner-
als in place of an equivalent anhydrous assemblage.

The effect of reaction was emphasized by Bowen
(1928, p. 61). With reaction magnesium-rich olivine
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tends to buffer the Fe/(Mg + Fe) ratio of crystalliz-
ing minerals and residual liquid. Helz (1976) noted
that the Fe/(Mg + Fe) ratio of pyroxenes and resid-
ual liquids decreases with crystallization in part of
the range of solidification of hornblende, for ex-
ample. Reaction with magnesium-rich minerals is an
effective mechanism which minimizes increases in
the Fe/(Mg + Fe) ratio of residual liquids.

The influence on Fe/(Mg + Fe) of the crystalliza-
tion of a hornblende-bearing assemblage in place of
an equivalent anhydrous assemblage of minerals is
complex and disputed (see Ringwood, 1974 and Al-
len and Boettcher, 1978 for contrasting views). What
is meant by “equivalent”? Consider the hornblende-
out surface of Figure 1. The mineralogy above the
surface and the composition of the liquid on the sur-
face vary with P, T and X .. Many definitions of
“equivalent” are possible. I adopt the following defi-
nition because it seems consistent with most petrolo-
gical discussions regarding the role of hornblende in
the formation of calc-alkaline rock series: on any sur-
face marking identical bulk compositions of liquids,
regions with different solids are equivalent.

For a given increment of crystallization how do the
Fe/(Mg + Fe) ratios of residual liquids in two equiv-
alent fields compare? For a given bulk composition
(H,O-free), the liquidus surface is one (and possibly
the only) surface with identical compositions of lig-
uids. Consider the difference between the Ol + Pl
and the Ol + Hb fields. I assume that the equilibrium
composition of olivine on the liquidus is everywhere
the same (Roeder and Emslie, 1970). In general the
Fe/(Mg + Fe) of hornblende is greater than for asso-
ciated olivine (Helz, 1973; Lewis, 1973a,b). However,
the effect on Fe/(Mg + Fe) of the residual liquid de-
pends on the proportions of the crystallizing minerals
as well as on their compositions. The net iron enrich-
ment caused by crystallization of Ol + Hb possibly is
greater than that for Ol + Pl. Probably the variation
of Fe/(Mg + Fe) of residual liquids with equilibrium
crystallization of equivalent hornblende-free and
hornblende-bearing assemblages is complex, but not
as large as the variations caused by fractional (as op-
posed to equilibrium) crystallization. I agree, there-
fore, with Cawthorn and O’Hara (1976) that the
omission of iron from their experiments probably is
not crucial to an evaluation of the role of horn-
blende. My emphasis is on reaction, however, rather
than fractionation.

Minor increase in Fe/(Mg + Fe) is a characteristic
feature of calc-alkaline magma series (Fenner, 1926;
Kuno, 1950; Miyashiro, 1974). Consequently, the
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spectrum of rock series found in subduction zone en-
vironments (Peacock, 1931; Kuno, 1950, 1959) can be
related in part to variable reaction between olivine
and liquid yielding hornblende: in general the more
hornblende, the more calcic and the less iron-en-
riched (less tholeiitic) the series. Many tholeiitic se-
ries are calcic, however (for example Higashiyama,
Isshiki, 1963) and have basaltic members with small
concentrations of alkalis. The concentration of al-
kalis in the parental liquid is important. Series lack-
ing hornblende probably are tholeiitic or alkalic and
tend to have groundmass pigeonite. Variable produc-
tion of hornblende by reaction between liquid and
olivine can help explain variable iron-enrichment
and lime-alkali index of many subduction zone
magma Series.

Implications

The probable crystallization of hornblende within
the crust from subduction zone basaltic liquids with
less than 6 weight percent H,O has implications for:
(1) the genesis of andesite, (2) the temperature above
the Benioff zone, (3) dehydration of subducted oce-
anic crust, and (4) the origin of continental crust.

Genesis of andesite within the crust is implied by
the crustal formation of hornblende gabbro. As dis-
cussed above, the Fe/(Mg + Fe) ratio and calc-
alkalic index for subduction zone magma series are
explicable according to crystallization of hornblende
by reaction between olivine and liquid. Although the
storage and release of H,O in and from hornblende
in subducted oceanic crust may be important in ini-
tiating subduction-zone magmatism, reactions be-
tween hornblende and liquids in the Benioff zone
probably have no direct influence on the character-
istics of magma series in subduction zones (compare
Green and Ringwood, 1968; Green, 1972; Boettcher,
1973, with Stern et al., 1975; Cawthorn and O’Hara,
1976; Allen and Boettcher, 1978).

Temperatures greater than about 1000°C are im-
plied by basaltic liquids with less than about 6 weight
percent H,O. If subduction zone basaltic liquids orig-
inate between the Benioff zone and the surface, then
the temperature must be at least as high as 1000°C
somewhere in the interval. Geophysical models of
subduction zone processes generally yield lesser tem-
peratures, particularly close to the relatively cold
Benioff zone (compare Andrews and Sleep, 1974;
Anderson et al., 1976, with Hasebe et al., 1970; Ito,
1978). In order to be consistent with volcanological
and geological data, geophysical models should yield
temperatures in excess of 1000°C in the magma path

between the Benioff zone and the volcanic front, as
has been emphasized by Hasebe et al. (1970).

Some of the H,O subducted as oceanic crust is
probably not returned to the surface by the out-
gassing of parental basaltic liquids in subduction
zones. There is an average of about 1 to 2 weight per-
cent of mineralogically-bound H,O in the combined
oceanic crustal layers 2 (Melson et al, 1968, Hum-
phris and Thompson, 1978) and 3 (Melson and
Thompson, 1971; Prinz et al., 1976; Ito, 1979; Ander-
son et al., 1979). Parental basaltic liquids of sub-
duction zones probably contain an average of about
2 to 4 weight percent H,O (Eggler, 1972; Anderson,
1973, 1979; but see also Marsh, 1976; Garcia et al.,
1979; and Sekine er al., 1979, who estimate lower
concentrations of H,0). The ratio of mass production
of crust in subduction zones (continental growth) to
that at oceanic ridges is about 0.2 (Anderson, 1974),
based on the ratios of cross-sectional areas of Ceno-
zoic oceanic island arcs (Murauchi et al., 1968; Grow,
1973) and the estimated cross-sectional areas of sub-
ducted oceanic crust implied by late Cenozoic local
rates of plate convergence (Chase, 1972). If all the
H,O bound in subducted oceanic crust returns to the
surface by first entering into basaltic parental liquids,
the expected concentration of H,O in the liquids
ranges from 5 (1/0.2) to 10 (2/0.2) weight percent.
The estimates of H,O actually present (2 to 4 per-
cent) are uncertain, but are consistent with the notion
(Anderson et al., 1979) that H,O is released from de-
hydrating chlorite (the principal mineralogical resi-
dence of H,O in oceanic crust) at too shallow a depth
(Delany and Helgeson, 1978, but see Jenkins, 1979)
to contribute to melting in subduction zones. The
H,O associated with the parental liquids of sub-
duction zone magmas is similar in amount to the
H,O supplied by amphiboles in the oceanic crust
(Tto, 1979).

A complex origin of continental crust is implied by
parental basaltic liquid and hornblende gabbro in
subduction zones. A principal idea regarding the for-
mation of continental crust involves the postulated
production and accretion of andesitic island arcs
(Wilson, 1954, p. 206), because average continental
crust is andesitic in composition (Goldschmidt, 1933;
Taylor, 1967). The chemical composition of the bulk
and lower continental crust is uncertain and debated
(see Taylor and McLennan, 1979, and Tarney and
Windley, 1979 for contrasting views). If the bulk of
Cenozoic island arcs is composed of hornblende gab-
bro, then how can the andesitic composition of aver-
age continental crust be explained? The implication
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of dominant hornblende gabbro in island arcs is that
continental crust either was made differently before
Cenozoic times or is further differentiated by addi-
tional processes.

Note added in proof

The following important article appeared after this
paper was accepted for publication: Ritchey, J. L.
(1980) Divergent magmas at Crater Lake, Oregon:
products of fractional crystallization and vertical
zoning in a shallow, water-undersaturated chamber.
J. Volcanol. Geothermal Res., 7, 373-386.
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The thermal-compositional dependence of Fe?*-Mg distributions between coexisting

garnet and pyroxene: applications to geothermometry'

PETER S. DAHL

Department of Geology, Kent State University
Kent, Ohio 44242

Abstract

The thermal-compositional dependence of Fe**-Mg distributions between coexisting gar-
net and pyroxene in diverse metamorphic lithologies from two small areas in the Ruby
Range, southwestern Montana, has been studied by electron microprobe and multiple linear
regression techniques. For coexisting garnet-clinopyroxene, this dependence, which is in-
ferred from independent metamorphic P-T estimates for two areas and thirteen mineral-pair
analyses, is summarized by the equation

RT In K, = (24822845) + (15091392)(Xp.— Xpug) *
+ (2810£954)(XS2) + (2855£T92)(X T

where Ky = (XFe/XME)G”/(XFQ/XME)CP", X = mole fraction, 2482 = 2324 + 0.022P =
—AGZ(cal) for the gar-cpx Fe-Mg exchange reaction, and the coefficients represent regressed

values for garnet mixing parameters (w§*). The regressed parameters for Ca and Mn agree

well with those calculated by Ganguly (1979); however, the regressed value of wii, is inter-
mediate to those of Ganguly and O’Neill and Wood (1979).

For nine garnet-orthopyroxene pairs, the best-fit equation is identical to that given above
except that —AGZ = 1391+288 cal for the gar-opx Fe-Mg exchange reaction.

The garnet—clinopyroxene geothermometers of Ganguly (1979) and Saxena (1979) yield
anomalously high temperatures for the Ruby Range. If this result is observed in other upper-
amphibolite to lower-granulite facies terrains, more realistic temperatures may be obtained
from the gar-cpx equation presented here. The gar—opx equation can be used as a relative

(but not absolute) geothermometer.

Introduction

The temperature dependence of Fe**—Mg distribu-
tions between coexisting ferromagnesian silicates has
been used extensively in the calibration of mineral-
pair geothermometers. Such distributions are a func-
tion not only of temperature, however, but depend
also upon composition of the exchanging minerals
and—to a lesser extent—upon load pressure. This
paper examines the compositional dependence of
Fe**~Mg distributions for garnet—clinopyroxene and
garnet-orthopyroxene pairs in natural assemblages
from the Ruby Range, southwestern Montana (Fig.
1). Potentially the most useful field areas for such a
study are those that contain a diversity of lithologic
units, yet are sufficiently small that uniformity of
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metamorphic P-T conditions can be reasonably as-
sumed. If, in addition, coexisting garnets and pyrox-
enes crystallized under equilibrium conditions, then
it follows that any variation in Fe’*-Mg distributions
between these minerals must be compositionally con-
trolled. With these considerations in mind, two small
areas in the Ruby Range were chosen for study.
These areas, designated in Figure 1 as the Kelly and
Carter Creek areas, are 1 km? and 9 km? respec-
tively.

Coexisting garnets and pyroxenes in 17 rocks rep-
resenting six metamorphic lithologies in the Kelly
and Carter Creek areas were analyzed by electron
microprobe. The distribution of Fe* and Mg be-
tween coexisting minerals, usually expressed by a dis-
tribution coefficient K, is defined here as

K, (Fe/Mg; gar—pyrox)

= (Xre/ Xug) ™/ (Xee/ Xae)™™ (1)
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Fig. 1. Map showing exposures of Precambrian metamorphic
rocks and Tertiary intrusives in Madison County, Montana (after
Cordua, 1973). The Kelly and Carter Creek areas of the Ruby
Range are the primary sample sites for this study. One sample is
from the Stone Creek area, located approximately halfway
between the two main areas.

where the X terms denote mole fractions. In this pa-
per, thermodynamic modeling of thermal and com-
positional effects on K}, is done by two methods. The
first approach utilizes Ganguly’s (1979) binary mix-
ing parameters for garnet and Dahl’s (1979) esti-
mates of peak metamorphic temperatures in the
Kelly and Carter Creek areas; the second approach
involves multiple linear and step-wise regression
techniques, utilizing the 17 Montana samples as the
data base. The results are evaluated in terms of ear-
lier studies by Banno (1970), Berg (1975, 1977), Da-
vidson (1969), Davidson and Mathison (1973), Dou-
gan (1974), Ganguly (1979), O’Neill and Wood
(1979), Rdheim and Green (1974), and Saxena (1968,
1969, 1976, 1979).

Methods of study

Garnet-pyroxene-bearing rocks collected in the
Ruby Range were studied by standard optical and
electron microprobe techniques. Mineral assem-
blages and compositional data for these rocks are
summarized in Tables 1 and 2, respectively. Chem-
ical analyses of all minerals were performed on pol-
ished thin sections using a 3-spectrometer ETEC
Autoprobe; operating conditions and analytical con-
ditions were identical to those described by Klein
(1974). Only mean analyses, based on 3-10 individ-
ual analyses and generally uncorrected for small
amounts of Fe**, were used in the calculation of dis-
tribution coefficients (Ky,) and graphical data points.

The averaging procedure did not significantly alter
trends observed by plotting data from single analy-
ses, but served only to reduce analytical scatter. Core
and rim analyses of mineral grains, although not sig-
nificantly different in most cases, were averaged sep-
arately; only rim analyses were used in this study,
however.

Multiple linear and step-wise regressions were per-
formed using a Hewlett-Packard model 9845A com-
puter.

Geologic setting

The Precambrian metamorphic core of the Ruby
Range is underlain by sillimanite-K feldspar-zone
assemblages, except in the extreme northeast, where
the orthopyroxene isograd is exceeded. Both the
Kelly and Carter Creek areas contain a thick se-
quence of marbles, mafic gneisses, iron-formations,
pelitic and semi-pelitic rocks, and quartzites. These
rocks, collectively termed “Cherry Creek” rocks by
Heinrich (1960), probably attained their high-grade
metamorphic character approximately 2750 m.y. ago,
during the Beartooth orogeny (James and Hedge,
1980).

Table 1. Summary of iron-formation and mafic gneiss
assemblages in samples from the Ruby Range

Sample Unit gar cpx opx hb bhi plag qtz ilm mag other

RMK-13  CN % x % x x - (zirc)

RMK-17 [ohY X X X

RMS-22 N S X ® % x X -

RMK-26 GN % X x X =

RMK-271 N X X " x x -

RMK-275 OGN by X - X x X - {apa)

RMK-273 OGN  x = ® = x x x =

RMKR~77 GN X X ® x X

RMK-122 GN x pE X

RMK-51 GQ x - X ® % X b - (zirc)

RME-46 GIr x X X X X

RMK-76 GIF x b2 X X X (cal)

RMK-82 GIF X b X X x

RMK—371 QIr X X x X -

RMK=-37,  QIF b X X X -

RMK-48 01T - 23 X X

RHC~11 DON x ® x - mic, sph,

RMC-1, DGN X " o - cal, scp,
(zirc)

RMC-71 AM X * x cal, scp

RYK and RMC samples arc from the Kelly and Carter Creek
areas, rcspectively. Subscripts on sample numbers denote
compositional bands within a polished thin section. Sample
RMS-22 1s from the Stone Creek area, located directly between
the two main sample areas. Lithologic designations (James
et al., 1969; James and Wier, 1972a, 1972b) : GN = mafic
granulitc gneiss; GQ = garnet guartzite; GIF = garnet iron-
formation; QIF = quartz iron-formation; DGN = diopside gneiss;
AM = amphibgj;te. The term mafic gnelss (in table title and
text) includes all lithologies except GIF and QIF. Symbols:
X = major constitucnt; ( ) or - = minor or trace component
(less than 3 modal %). Abbreviaticons: hb = hornblende;
cum = cummingtonite; mag = magnetite; ggéf: apatite; mic =
microcline; Sph = sphene; cal = calcite; scp = scapolite;
bi = biotite; plag = andesine or labradorite.
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Table 2. Fe-Mg Kp, values and compositional data for the subassemblage garnet=clinopyroxene=orthopyroxene in samples from the

Ruby Range
Ky (Fe/Mg) Cations per 12 Cations per 6 Cations per 6

oxygens in garnet oxygens in clinopyroxene oxygens in orthopyroxene
Sample Unit 8ar-CpX gar-opX CpX-opx Fe Mg Ca Mn Fe Mg Ca Mn Fe Mg Ca Mn
RMK-27, GN 6.80 1.890 0.453 0.697 0.038 0.445 0.621 0.861 0.003
RMK~13  GN 6.48 1.720 0.511 0.778 0.042 0.352 0.678 0.878 0.002
RMK-274 GN i 3.52 0.53 1.927 0.526 0.559 0.056 0.364 0.660 0.828 0.005 0.995 0.957 0.020 0.012
RMK-17 GN 7.33 1.734 0.277 1.059 0.060 0.461 0.540 0.951 0.005
RMS-22 GN * 3.65 0.55 1.965 0.411 0.578 0.062 0.461 0.597 0.844 0.012 1.071 0.877 0.023 0.017
RMK-51  GQ L) 3.87 0.51 1.763 0.671 0.557 0.063 0.265 0.764 0.907 0.003 0.807 1.187 0.019 0.010
RMK-122 GN 0.55 0.260 0.761 0.888 0.012 0.740 1.201 0.017 0.019
RMK-77 GN 7.17 1.785 0.462 0.766 0.080 0.359 0.666 0.901 0.005
RMK-26  GN 6.84 1.710 0.458 0.810 0.099 0.368 0.674 0.872 0.006
RMK-76  GIF 7.29 4.37 0.60 1.920 0.322 0.574 0.269 0.475 0.581 0.862 0.022 1.103 0.808 0.026 0.053
RMK-82 GIF 7.65 4.34 0.57 2.021 0.173 0.613 0.313 0.655 0.429 0.882 0.029 1.390 0.516 0.033 0.066
RMK-46  GIF 8.45 4,96 0.60 1.710 0.297 0.533 0.563 0.432 0.634 0.827 0.042 0.999 0.874 0.027 0.110
RMK-37, QIF 9.08 5.40 0.60 1.486 0.137 0.517 0.978 0.576 0.482 0.821 0.120 1.147 0.571 0.040 0.235
RMK-377 QIF 8.95 SE7i9 0.65 1.499 0.125 0.497 1.006 0.618 0.461 0.796 0.124 1.190 0.575 0.034 0.235
RMK~-48 QIF 5.61 *%]1.078 0.109 0.482 1.315 0.985 0.555 0.046 0.411
RMC-71 AM 11.54 *%1.037 0.121 1.632 0.229 0.390 0.525 0.958 0.016
RMC-1; DGN 11.47 1.566 0.113 1.073 0.280 0.545 0.451 0.904 0.022
RMC-1,  DGN 11.41 1.503 0.168 1.083 0.311 0.446 0.569 0.970 0.019

Subscripts on sample numbers denote compositional bands within a polished thin section. See Table 1 for explanation
of lithologic symbols. *K, not reported because gar and cpx were not found in contact. **These values have been corrected
for relatively large amounts of Fe3* using the computer program of Friberg (1976). All other Fe values are uncorrected for
Fe”". Although not discussed in the text, cpx-opx Kp values (calculated from gar-cpx and gar-opx KD values) approximately
correlate with F_eCpX and Mn PX_ The Fe trend parallels a similar trend observed and explained by Davidson (1968) for
Australian pyroxene pairs.

Estimated P-T conditions of metamorphism for yielded concordant temperature estimates of
the two areas, based upon geothermometric and min-  745+50°C (Kelly) and 675+45°C (Carter Creek)
eral assemblage data, are shown in Figure 2. Assem- (Dahl, 1979). Because sillimanite is the stable alu-
blage data and six mineral-pair geothermometers —minosilicate polymorph in pelitic rocks throughout
the Ruby Range (Dahl, 1977), these estimates,
coupled with Holdaway’s (1971) determination of
aluminosilicate P-T stabilities, constrain the maxi-
mum load pressures for the two areas (see Fig. 2).
Minimum load pressures cannot have been too far
below the sillimanite-kyanite univariant, or kyan-
ite—a metastable relict in some pelitic rocks—would
_ probably not have persisted. Thus, load pressures for
the two areas are tentatively estimated at 7.2+1.2
1 kbar (Kelly) and 6.2+1.2 kbar (Carter Creek). The
P-T ranges shown in Figure 2 are consistent with
4= 7 geothermal gradients of 30° to 35°C/km.

The common association of microcline and sil-
limanite in metapelites indicates muscovite break-
2t : down, and it appears from Figure 2 that the activity
of water ay o was significantly less than 1—and per-
haps as low as or lower than 0.25—for pelitic rocks in

| ! J the Carter Creek area; such was probably also the
sos %9 case for the higher-temperature pelitic rocks in the
Kelly area. These conclusions are consistent with the

Fig. 2. P-T diagram showing probable peak metamorphic lack of widespread partial melting in pelitic rocks
conditions for the Kelly and Carter Creck areas. Curves | and la throughout the Ruby Range

represent the reaction mu + qtz 2 ALSiOs + ksp + H,O at Xy o . e
— 1 (Chatterjee and Johannes, 1974) and Xeo = 0.5 (Kerrick, Local alteration of prograde assemblages indicates

1972), respectively. Wintsch (1975) has calculated that Kerrick’s that Precambrian greenschist to lower amphibolite
experimental Xy o may correspond to ay,o = 0.25. facies metamorphism occurred in the Ruby Range
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(1) during the waning stages of the 2750 m.y. event
and/or (2) during a separate event at 1600 m.y., in-
ferred from mineral dates of Giletti (1966).
Additional details on the stratigraphy, structure,
and petrology of the “Cherry Creek” rocks in the
Ruby Range are given in Garihan (1979), Heinrich
(1960), James et al. (1969), James and Wier
(1972a,b), Okuma (1971), and Dahl (1977, 1979).

Attainment of chemical equilibrium

The thermodynamic models presented in the fol-
lowing section assume that (1) chemical equilibrium
between garnet and coexisting pyroxene was attained
during the 2750 m.y. metamorphism, (2) garnet-py-
roxene pairs within a given area equilibrated at the
same (or similar) temperature regardless of lithology,
and (3) evidence of this equilibrium was preserved
(i.e.,, was not partly obliterated by local retrograde ef-
fects). Evidence supporting the validity of these as-
sumptions is presented below.

In support of assumption (1), no assemblage in
Table 1 has negative variance; most assemblages are
either di- or tri-variant. Second, coexisting garnets
and pyroxenes typically exhibit smooth grain bound-
aries, suggesting textural equilibrium (Dahl, 1977).
Third, element distributions between grain edges of
coexisting garnets and pyroxenes are orderly, as ex-
emplified by Mn and Al distributions in Figures 3A,
B, C. Orderly element distributions also support as-
sumption (2).

Assumption (3) is supported by the general lack of
retrograde zoning among coexisting garnets and py-
roxenes (Dahl, 1977). Furthermore, these minerals
are typically free of retrograde alteration products;
some grains, however, exhibit incipient alteration to
minerals such as chlorite or actinolitic hornblende.
Only pyroxenes in mafic granulite gneisses (the GN
unit) from the Kelly area exhibit slight zoning. The
GN unit may have originated as a gabbroic magma
(Dahl, in preparation); zoning in Na, Al, Fe**, and
Mg, therefore, is thought to reflect re-equilibration of
the pyroxenes from igneous to high-grade metamor-
phic conditions. Rim compositions of coexisting gar-
nets and pyroxenes in this unit are thus thought to re-
flect the latter conditions.

Thermodynamic models

Garnet-clinopyroxene

The exchange of Fe’* and Mg between garnet and
clinopyroxene can be represented by the equilibrium

855

CaFeSi,O, + 1/3Mg,AlLSi,0,,

HD PY
< CaMgSi,0, + 1/3Fe,ALSL,0,, (2)
DI ALM

Assuming (1) a substitutional solution model [cf.
Kerrick and Darken (1975)] and (2) no Fe** or Mg in
the M2 site of clinopyroxene, the equilibrium con-
stant K(P,T) in terms of activities a, mole fractions X,
and activity coefficients y is given by

(aGar)l/3(anx (X]?:l) (Xﬁ;;x) (,YGar) (.YCpx
@) (@) (X% (X)) (o) ()
€)

K(P,T) =

where the term composed of mole fractions is equiva-
lent to the Fe-Mg distribution coefficient K,,. The
equilibrium constant K(P,T) is related to the Gibbs
free energy change AGY. for the exchange reaction by
the expression

AGf = —RTIn K(P,T) @)

where R is the gas constant. Substitution of equation
(4) into equation (3) and rearrangement of terms
yields the relationship

RT!II KD - _AGP — RTID (YF ar/,YGar

+RTIn (ye&/&) ()

Ganguly and Kennedy (1974) used the “simple mix-
ture” approximation of Guggenheim (1967, p. 54-57)
to derive the following expression for the activity co-
efficients of Fe** and Mg in garnet:

RTln (,YGar Gar) ~ erMg (X]\(:i:r XFGca.r
+ (erCa I wMgCn) (Xg:r)
+ (Wrema — Waiema) (Xnin)  (6)

The w; are binary solution interaction parameters
which express the non-ideality of mixing between
components i and j in garnet. Applying multivariate
regression methods to published analyses of garnet
and coexisting biotite in staurolite-zone assemblages,
Ganguly and Kennedy derived w; values for garnet.
Revised values presented by Ganguly (1979) are:
Weemg = 2710 cal/mole; Weec, — Wigeo = —3152 cal/
mole; and Wea — Wuema = —2600 cal/mole. Substi-
tution of these values into equation (6) permits calcu-
lation of the activity term for garnet in equation (5).
Equation (5) thus becomes

RTIn K, = —AGT + 2710(XE —
+ 2600(X%2) + RT In (ys2*/vad)

Xug) + 3152(X2)
™
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Table 3. Compositional effects on Ky, (Fe-Mg) predicted by equation (9) for garnet—clinopyroxene pairs in samples from the Ruby

Range
G
2710()(11'7 - Xy TLooss208ay L 2600(x53T) _ Sum () Kp K
Sample (cal/mole) (cal/mole) (cal/mole) (cal/mole) predicted measured
RMK-279 1266 712 31 2009 6.82 6.80
RMK-13 1073 804 36 1913 6.50 6.48
RMK-17 1260 1065 49 2374 8.17 7 33
RMK-77 1160 782 68 2010 6.82 7.17
RMK-26 1103 829 83 2015 6.84 6.84
RMK-76 1404 586 226 2216 7.55 7.29
RMK-82 1604 618 260 2482 8.61 7.65
RMK-46 1233 542 471 2246 7.67 8.45
RMK-372 1173 523 816 2512 8.74 9.08
RMK-371 1190 501 837 2528 8.81 8.95
RMC-71 821 1705 198 2724 11.48 11.54
RMC-17 1298 1116 239 2653 11.06 11.47
RMC—].Z 1182 1113 263 2658 11.09 11.41

Ganguly (1979) has used a simplified activity term
for clinopyroxene of the form
RTIn (yf&*/ ) = Aw(X** + X*)° ®
where Aw is the difference between the simple-mix-
ture interaction parameters in the jadeite-hedenber-
gite and jadeite—diopside joins and the X terms rep-
resent mole fractions of jadeite and acmite in
clinopyroxene. Although a reliable estimate for Aw is
lacking in the 700-800°C range (Aw = 0 at 1000°C;
Ganguly, 1979), the magnitude of the activity term is
probably near zero for clinopyroxenes from the Kelly
area, judging from their extremely low and uniform
Na contents (XN2“* = 0.02-0.06 at grain edges).
With this approximation, equation (7) can be sim-
plified to the form

RTIn K, = —AGT + 2710(X5 — X5

+ 3152(XE) + 2600(Xn) &)

Equation (9) approximates the dependence of
K,(Fe/Mg; gar—cpx) on mineral composition and
temperature. Calculated values for the compositional
terms in equation (9) are presented in Table 3 for
garnet—clinopyroxene-bearing samples from the
Ruby Range; for a given sample, the sum of the three
compositional terms is denoted by the quantity
sum(X).

The approximate validity of equation (9) can be
tested in several ways. First, the equation predicts
that increases in X5, X&, or X2 cause sympathetic
increases in K,(Fe/Mg; gar—cpx). Indeed, all three
effects have been reported in the literature; data of
D. H. Green plotted by Banno (1970) indicate very

weak Fe and Ca effects, whereas Saxena (1968, 1969)
infers a strong Mn and relatively weak Ca effect.

Second, equation (9) predicts that any increase in
sum(X) effects a corresponding increase in Ky, all
other factors equal. Indeed, for samples RMK-27,
through RMK-37, (listed in Table 3 in order of in-
creasing Mn content in garnet), the general trend of
increasing sum(X) values is paralleled by an increase
in measured K,, values. Note that the sum(X) values
for the Carter Creek samples are distinctly higher
than those for the Kelly samples. These higher val-
ues, which are due partly to increased Ca concentra-
tions in garnet (Table 3, column 3), are consistent
with the higher K, values measured in the Carter
Creek samples. The other factor contributing to the
higher K, values is the lower metamorphic temper-
ature for the Carter Creek area (see Fig. 2).

The most rigorous test involves a comparison of
K, values predicted from equation (9) and values ac-
tually measured for the 13 samples from the Ruby
Range. The first step in predicting K, values is the
calculation of AG? for equation (2). A mean value of
—1874+240 cal (95 percent confidence limits) for
AG? is obtained from equation (9) by averaging the
13 values obtained for the difference between RT In
K., and sum(X). Despite the inferred P-T difference
between the Kelly and Carter Creek areas (Fig. 2),
AG% values calculated for the two areas by the above
method are not significantly different. Furthermore,
values for AG2% (P = 7200 bars and T = 1018°K)
and AG &%—calculated from molar enthalpy, en-
tropy, heat capacity, and volume data in Robie et al.
(1978), Helgeson et al. (1978), and Zen (1973)—are
different by only 0.8 percent. Hence, the —1874 cal
value is retained for all 13 samples from the Ruby
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Range (Table 3). Inferred values for AG%, sum(X),
and T can now be substituted into equation (9) to
predict K.

K,, values predicted thereby are presented in Table
3 for garnet—clinopyroxene-bearing mafic gneisses
and iron-formations from the Ruby Range. The
model appears to over-correct for the high Ca and Fe
contents in samples RMK-17 and RMK-82, respec-
tively, but for most other samples there is good
agreement between predicted and measured K, val-
ues. Linear regression of predicted vs. measured K
values in Table 3 yields a line of slope 0.90 and a cor-
relation coefficient (r) of 0.97. This level of correla-
tion lends credence to Ganguly’s (1979) mixing pa-
rameters for garnet and to the temperature estimates
inferred for the Kelly and Carter Creek areas. Fur-
thermore, it indicates—for the Montana clinopyrox-
enes at least—that any clinopyroxene mixing terms
have nearly constant, or negligible, value.

Although equation (9) closely defines the thermal
and compositional dependence on K, observed in
garnet-clinopyroxene pairs from the Ruby Range, it
is possible to use the 13 Ruby Range samples them-
selves as the data base for multiple linear regression.
Accordingly, regression was performed by computer
on 13 equations in the form of equation (9), where
RT In K,, was chosen as the dependent variable, the
three X terms as the independent variables, and AG%
as the regression constant. Regressed coefficients de-
rived from the Ruby Range samples are included in
Table 4; substitution of these values into equation (9)
yields

RTIn K, = 2482 + 1509( X5 — XG2)

+ 2810(XE) + 2855(X5) (10)

Measured K, values and values predicted from equa-
tion (10) are compared in Table 5. Linear regression
(as before) yields a line slope of 0.89 (¢f unity for a
perfect model) and an r value of 0.97. This regression
is plotted in Figure 4.

In Table 4, the regressed coefficients and thermal-
compositional data base of this study are compared
to data of Ganguly and Kennedy (1974), Ganguly
(1979), and O’Neill and Wood (1979). Despite its
relatively small size, the Montana data base com-
prises a broader range of composition—particularly
for X&*—than that of Ganguly and Kennedy. Fur-
thermore, analysis of variance indicates that equation
(10)—derived from the 13 Montana samples—ac-
counts for 89 percent of the total variance in R7T In
K, actually observed in this data base, whereas simi-
lar analysis (by this writer) of Ganguly and Ken-

nedy’s (1974) model (data base of 30 samples) reveals
a 55 percent accounting of the total variance they ob-
served in RT In K. The remaining 45 percent of var-
iance is probably explained by (1) temperature dif-
ferences among samples included in their data base,
(2) the effects of variable Al’*, Fe?*, Fe’*, and Ti*' in
biotite on K, [see Goldman and Albee (1977)], and
(3) the analytical uncertainty in determining Fe**
and Fe’* concentrations in biotites. The Montana
model, on the other hand, is based on samples from
two very small areas whose respective peak temper-
atures were probably uniform (see Dahl, 1979). Also,
points (2) and (3) above are much less of a problem
for the Montana clinopyroxenes, as they contain very

‘low amounts of Na, Al’*, Fe**, and Ti** (Dahl, 1977).

Furthermore, mixing of Fe** and Mg in the clinopy-
roxenes is confined largely to a single site (MI), un-
like in biotite. The remaining 11 percent of variance
in the Montana model may be explained by (1) ana-
lytical error, (2) non-ideal mixing among Fe**, Mg,
Ca, and Mn in clinopyroxenes, and (3) small yet vari-
able amounts of Fe’* among garnets. However, the
small data base precludes meaningful consideration
of more than the three independent variables.

The first three sets of interaction parameters w;
given in Table 4 all correctly predict the effects
of X& and X3 on Ky, but the relatively low value
of we., derived from the Montana data base sug-
gests a lesser effect of X on K, than that predicted
by Ganguly’s (1979) revised model. Furthermore, the
low value and high uncertainty in wg.y,, relative to
the other w; computed from the Montana data base,
indicate that variable XG> has a lesser effect on K,
than comparable variations in X&*" or X5>. This con-
clusion is supported by a stepwise linear regression of
RT In K, for the Montana data base. In this regres-
sion, variation in Xy~ alone is found to explain 33
percent of the variance observed in RT In K, X%
and Xg¥ together explain 82 percent of the variance,
and all three variables together account for 89 per-
cent of the total variance. This result indicates that
Xua' is the most important variable affecting K, in
the Montana samples, whereas X5 — X32* is the
least important (of the three considered).

Data in Table 4 suggest that the value of weyy,
may be temperature dependent. However, this obser-
vation contradicts Ganguly and Kennedy (1974),
who concluded on the basis of thermodynamic and
crystal-chemical reasoning that the w; for garnet
should be insensitive to temperature. For equilibra-
tion temperatures greater than 675°C, I believe that
only wy.y, values significantly lower than 2710 cal/
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mole are realistic, for two reasons: (1) variable X5 —

ver explains only a small percentage of the total var-
iance observed in RT In K, for the Montana samples,
and (2) neither experimental studies (e.g., Rdheim
and Green, 1974) nor statistical studies (e.g., Saxena,
1969) concerning P, T, or X dependences of Ky(Fe/
Mg; gar—cpx) reveal significant effects of variable

e or Xya' on Kp.

There is, however, good agreement between Gan-
guly’s (1979) w; for Ca and Mn and those calculated
in this study, and despite the discrepancy in Wy,
values both equations (9) and (10) closely approxi-
mate the thermal-compositional dependence of
K, (Fe/Mg; gar-cpx) for the Ruby Range samples.

Garnet-orthopyroxene

The exchange of Fe** and Mg between garnet and
orthopyroxene can be represented by the equilibrium

T T T T T T

19.1 wt. 7% MnO
5.6 wt. % Ca0

N
T

o
@
T

Ortho-

pyroxenes Garnets

Mn atoms per formulg unit —
o
5
T

= 82 -
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D__—,————r—-L__-_________D
I | L |
0.0 0.2 0.4 0.6
Ca atoms per formula unit —>
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Fig. 3. (A, B) Partitioning of Mn and Ca between coexisting
garnet and pyroxene in iron-formations (GIF, QIF) and mafic
granulite gneiss (GN) from the Kelly area of the Ruby Range.
Formula units based upon 12 oxygens for garnet and 6 oxygens
for pyroxene. Error blocks (26) are given for the data points of
sample RMK-37 (Fig. 3A) and sample RMK-48 (Fig. 3B). Errors
for other data points are comparable. (C) Roozeboom plot of total
Al (Aly) between coexisting pyroxenes from the Kelly and Stone
Creek areas. Lithologic abbreviations are defined in Table 1.
RMK (or RMS) sample numbers are adjacent to tie lines and data
points. All data points are computed from averaged electron
microprobe analyses.

FeSiO, + 1/3Mg,ALSi,O,,

FS PY
2 MgSiO, + 1/3Fe;ALSi;,0,, (11)
EN ALM

Treatment of this exchange equilibrium in a manner
similar to that of the garnet—clinopyroxene equilib-
rium yields an expression analogous to equation (10)
that approximates the thermal-compositional depen-
dence of the distribution coefficient K,(Fe/Mg; gar-
opx). This expression is

RT In K, = —AG% + sum(X) (12)

where sum(X) is the sum of the three compositional
terms in equation (10) and incorporates the same w;;
values derived earlier from the Montana garnet-
clinopyroxene data base. The term AGY is the Gibbs
free energy change for equation (11) at the P and T
of interest.

One limitation inherent in equation (12), in addi-
tion to those cited earlier for equation (10), is its fail-
ure to account for non-ideality of mixing between
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Table 4. Thermal-compositional data bases and regressed
thermochemical values from different studies

Ganguly 0'Neill
and Kennedy  Ganguly and Wood
Parameter (1974) (1979) This study (1979)
number of
samples 30 18]
Gar
(XFE_XMg) 0.348-0.665 0.303-0.592
xar 0.004-0.24 0.159-0. 541
e 0.04-0.,27 0.012-0,322
7(°C) 630240 74545055 1150250
675+45%%%
Wy 2979%369 27104200 1509+1392 1954430
eMg
wMgCa_WFeCa 4603+2117 3152%720 2810+954 26761402
VgMnpeuy 230871508 26004850 28552792
867200 -1874+240% -2482:845

1018

The term AE(E’Z) refers to the Fe-Mg exchange reaction
(equation (2)). Values for AG(P,T) and the w; s are expressod in
cal and cal/mole, respectively, and quoted uncértainties reflect
95 percent confidence limits. *calculated in this study using
data from Ganguly (1979) (see text for explanation). Tcmperaturc
estimates for the Kelly (*#*) and Carter Creek (**%) arcas arc
from Dahl (1979).

Fe** and Mg in the M1 site of orthopyroxene; Saxena
and Ghose (1971) reported a value of 1956 cal/mole
(at 700°C) for the Fe-Mg interaction parameter for
this site. However, site occupancies of Fe and Mg in
the Montana orthopyroxenes were not determined in
this study. Mixing between Fe?* and Mg in these py-
roxenes is probably further complicated by their high
Mn®>*" contents (Table 2). For these reasons, and
given the small data base, compositional terms for
orthopyroxene are not considered in equation (13),
and the distribution coefficient K,(Fe/Mg; gar-opx)
is based on total Fe and Mg in orthopyroxene. The
consequences of these simplifications are discussed
further in this and later sections.

120 —r—F——7 =

Predicted Kp (Fe/Mg; gar-cpx)

B L | 1 1 L L L
80 70 80 90 100 110 120

60 L1

Measured Kp (Fe /Mg; gor -cpx)

Fig. 4. Correlation between Kp(Fe/Mg; gar-cpx) values
predicted from equation (10) and values measured in samples
from the Ruby Range (see Table 5). RMK and RMC sample
numbers are adjacent to data points. Solid circles represent Kelly
samples; open circles represent Carter Creek samples.

A mean value for AG7 in equation (12) can be ob-
tained from the difference between known values of
RT In K, and sum(X) for the nine garnet-ortho-
pyroxene pairs from the Kelly area, using the same
procedure described earlier for garnet—clinopyroxene
pairs. For the Kelly area, the computed value of
AGT2% is —1391+288 cal (95 percent confidence lim-
its). Equation (12) can now be rewritten in the form

RTIn K, = 1391 + 1509(X5> — X352

+ 2810(X3) + 2855(XS™) (13)

Table 5. Compositional effects on Kp, (Fe,Mg) predicted by equation (10) for garnet-clinopyroxene pairs in samples from the Ruby

Range
Gar Gar
1509(x{ Xy ) 3 2810(x‘é§~f) 2855 (%:2%) _ Sum(x) Kp Ky
Sample (ca ?mo 5) (cal/mole) (cal/mole) (cal/mole) predicted measured
RMI(—272 705 635 34 1374 6.73 6.80
RMK-13 598 717 40 1355 6.66 6.48
RMK-17 702 950 54 1706 7.93 7.33
RMK-77 646 697 74 1417 6.87 7.17
RMK-26 614 739 91 1444 6.97 6.84
RMK-76 782 523 248 1553 7.35 7.29
RMK-82 893 551 286 1730 8.02 7.65
RMK-46 687 483 517 1687 7.85 8.45
RMK-372 653 467 897 2017 9..25 9.08
RMK-3771 663 447 919 2029 9.30 8.95
RMC-71 457 1520 217 2194 11.98 11.54
RMC-17 723 995 263 1981 10.69 11.47
RMC-1o 658 992 288 1938 10.45 11.41
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Table 6. Compositional effects on K, (Fe,Mg) predicted by equation (13) for garnet-orthopyroxene pairs in samples from the Ruby

Range
1509 (xp, -x, )4 | 2810(x337) 2855(x6ary sum(X) & Ky
Sample (caE?mo%é) (cal/mole) (cal/mo?e) (cal/mole) predicted measured
RMK—273 690 511 51 1252 3.69 3.52
RMS-22 779 540 60 1379 3.93 3.65
RMK-51 539 511 60 1110 3.44 3.87
RMR~76 782 523 248 1553 4.29 4.37
RMK-82 893 551 286 1730 4.68 4.34
RMK-46 687 483 517 1687 4.58 4.96
RMK—372 653 467 897 2017 5.39 5.40
RMK-37¢ 663 447 919 2029 5.42 5.79
RMK-48 489 455 1259 2203 5.91 5.61

This expression permits an independent check on the
validity of the three compositional terms derived ear-
lier, insofar as K,(Fe/Mg; gar-opx) values predicted
by equation (13) can be compared to values actually
measured for the nine garnet-orthopyroxene-bearing
samples from the Kelly area. Predicted and measured
K, values, as well as compositional trends in the gar-
nets, are presented in Table 6. Linear regression of
predicted vs. measured K, values yields a line of
slope 0.92 and a correlation coefficient r of 0.93. This
regression is plotted in Figure 5. The near-unity
slope and high level of correlation in Figure 5 not
only corroborate the w; used in equations (10) and
(12), but also suggest that any mixing terms for or-
thopyroxene in equation (12) have nearly constant or

Predicted KpFe/Mg; gar-opx)

30 i 1 i | L
30 35 40 45 50 55 60

Measured Kp(Fe/Mg; gar-opx)

Fig. 5. Correlation between K,(Fe/Mg; gar-opx) values
predicted from equation (13) and values measured in samples
from the Ruby Range (sec Table 6). RMK (and RMS) sample
numbers are adjacent to data points.

negligible value for the nine samples of the data base.
Furthermore, the w, appear to be applicable beyond
the X52 range of the original data base, to at least

S equal to 0.441. This level of Mn content, found
in sample RMK-48, is the highest yet reported in the
literature for garnet coexisting with orthopyroxene
(¢f. Davidson and Mathison, 1973).

I conclude that equation (13) closely approximates
the thermal-compositional dependence of K,(Fe/
Mg; gar-opx) for the Ruby Range samples. This de-
pendence is comparable to that of garnet—clinopyrox-
ene K, values.

Similar analysis using Ganguly’s (1979) interaction
parameters in equation (13) yields a AGT3}; value of
—896+425 cal for equation (11) (95 percent con-
fidence limits); linear regression of predicted vs. mea-
sured K (Fe/Mg; gar-opx) values results in a line
with a slope of only 0.70 and a correlation coefficient
r of 0.85.

Accuracy of AG?, calculations

The AG% values for garnet-pyroxene Fe-Mg ex-
change reactions, calculated from the thermody-
namic models presented in earlier sections, vary
widely from values calculated using thermochemical
data in Robie et al. (1978), Helgeson et al. (1978),
and Zen (1973). For example, for gar-cpx pairs
[equation (2)], the model yielded AGT3: = AGYS =
—2482+845 cal. The published thermochemical data,
on the other hand, when applied to the equation

AGE= AHZ, — TASg:+ / ACAT
298

-T AC"dT+/‘ Ayedp

298

(14

yield AG 5= —14018 + 4000 cal and AG Sy = —13905
+ 4000 cal. Substitution of the latter values into
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equation (10) yields metamorphic temperatures that
are completely unreasonable for the Kelly area
(ca. 3700°C!). It is highly uniikely that additional
compositional terms (e.g., for clinopyroxene) in
equation (10) could account for the —11500 cal/mole
that would be necessary in this case to render the
equation a reliable temperature indicator, since (1)
the sum of all compositional terms for garnet ac-
counts for only 1000 to 2000 cal/mole (ee Table 5)
and (2) the model presented earlier accounts for 89
percent of the compositional variance observed in
RT In K,,. Thus, I conclude that the discrepancy in
AG7 values is due at least partly to inaccuracies in
some of the published enthalpy and entropy values
for garnet and clinopyroxene end-members. For gar-
net-orthopyroxene pairs, the discrepancy is even
greater, and the conclusion is the same.

The validity of the regressed AG} values for equa-
tions (2) and (11) can be tested by determining
the degree of internal consistency among K, and
AGls values for gar—cpx, gar-opx, and cpx—opx Fe-
Mg exchange equilibria. Because the cpx-opx ex-
change reaction

FeSiO, + CaMgSi,0, = MgSiO; + CaFeSi,0q
FS DI EN HD

is obtained by subtraction of equations (2) and (11),
the AG;y values for the three equilibria must be re-
lated by

7200 7200
(AGIOIS)gar—-opx - (AGIOIS)gar{px = (AGZg(I)g cpXx—opx

(—13912288 cal) — (—2482:+845 cal) (16)
= (1091893 cal)

where (AG[3%) e opx TEfETS to equation (15). We can
state that

(AGH epx ope = —RT In K(Fe/Mg; cpx—opx) (17)

(15

Now, if the calculated value of 1091 cal for
(AGo ) cpxopx i equation (17) is accurate, then the
K,(Fe/Mg; cpx-opx) value we can compute from
this equation must agree with K, values observed in
natural assemblages at 1018°K (745°C). Indeed,
equation (17) yields a K, value of 0.58, which com-
pares with the mean K,(Fe/Mg; cpx—opx) value of
0.57 for nine pyroxene pairs reported in Table 2. This
internal consistency corroborates not only the three
AGY values, but also the validity of equations (10)
and (13) and the basic correctness of the interaction
parameters w; contained therein.

However, internal consistency of AG%. values calcu-
lated using Ganguly’s (1979) mixing parameters can

also be demonstrated by equations (16) and (17). In
this case, the computed value of AGT5; for equation
(15) is 1042 cal [i.e., —896 cal — (—1938 cal)}, and for
K, (Fe/Mg; cpx-opx) a value of 0.60 is obtained.
Thus I conclude that only the difference in calculated
AG?. values for equations (2) and (11) can truly be
tested by the above method, and not their absolute
values.

Applications to geothermometry

Garnet-clinopyroxene

Measured In K, (Fe/Mg; gar-cpx) and calculated
sum(X) values from Table 5 are plotted in Figure 6.
The line representing garnet—clinopyroxene pairs
from the Kelly area defines a 745°C isotherm. Be-
cause the Carter Creek samples plot at significantly
higher K,, than the Kelly samples at equivalent
sum(X) values, the former probably represent part of
a lower-temperature isotherm. This conclusion is
consistent with (1) the known divergence of K, (Fe/
Mg; gar—cpx) from unity with declining temperature
(e.g., see Banno, 1970, and Raheim and Green, 1974)
and (2) the lower peak temperature estimate of
675+45°C inferred for the Carter Creek area by
Dabhl (1979).
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Fig. 6. Variations in In K(Fe/Mg; gar—cpx) as a function of
sum(X) [as defined in equation (10)] for gar—cpx pairs in samples
from the Ruby Range and from Varberg, Sweden (Saxena, 1968;
only unzoned samples plotted). Kelly and Carter Creek samples
define two distinct isotherms for the Ruby Range, with the Carter
Creek samples indicating the lower apparent temperature (higher
Kp). Kp = (Fe/Mg)®/(Fe/Mg)“P*. Total Fe used to calculate
Kp, except for sample RMC-71, whose garnets contain relatively
high Fe**. Cross in upper left represents uncertainties (20) in the
data points for sample RMK-37; uncertainties in all other Ruby
Range data points are smaller.
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Similar reasoning suggests that the charnockites
from Varberg, Sweden (Saxena, 1968), reached meta-
morphic temperatures higher than the 745+50°C for
the Kelly area. Indeed, Saxena (1976, p. 651) has es-
timated temperatures of 801+60°C for the Varberg
area, using pyroxene geothermometry.

Because the Carter Creek, Kelly, and Varberg gar-
net-clinopyroxene pairs define isotherms or parts of
isotherms whose temperatures have been independ-
ently estimated, Figure 6 provides the basis for geo-
thermometry in other upper-amphibolite to granulite
facies terrains. As more chemical data from other lo-
calities become available, additional isotherms can
be added to Figure 6.

Reconstruction (not shown) of Figure 6, using in-
stead Ganguly’s (1979) mixing parameters for garnet,
results in no change in the relative positions of iso-
therms and data points shown.

Figure 6 illustrates the marked effects of composi-
tion on K,, (Fe/Mg; gar-cpx) and underscores the
danger inherent in the application of any mineral-
pair geothermometer without due consideration of
this potential complication. For example, routine ap-
plication of Riheim and Green’s (1974) calibrated
garnet—clinopyroxene geothermometer to the Kelly
area results in temperatures ranging from 653°C [low
Ky, low sum(X)] down to 584°C [high K., high
sum(X)]. These estimates are low and falsely indicate
variations in peak temperature for the Kelly area.
Application of this calibration to the Kelly area is
valid only if, along the Kelly isotherm, a range of K,
values is chosen that corresponds to the range of
sum(X) values characteristic of Riheim and Green’s
experimentally-derived garnets. Their chemical anal-
yses indicate a sum(X) value of 379+200 cal/mole
(95 percent confidence limits), which, upon sub-
stitution into the line equation for the Kelly isotherm

In K, = 0.00044 sum(X) + 1.30010 (18)

yields a compositionally corrected K, value of
4.3410.40. This value, in turn, when applied to R4-
heim and Green’s calibration, gives a temperature es-
timate of 752+44°C (at P = 7200+1200 bars) for the
Kelly area. This estimate is concordant with the in-
dependent estimate of 745+50°C reported earlier.
Thus, by correcting for compositional effects on K, a
reliable temperature estimate is obtained. Clearly,
the application of this technique to other localities re-
quires samples sufficient to define adequately an iso-
thermal line equation.

Yet a third approach to geothermometry involves
solution of equation (10) for 7. A pressure term can

be incorporated by first evaluating the volume term
in equation (14), using garnet—clinopyroxene volume
data from Takahashi and Liu (1970) and Rutstein
and Yund (1969). For a load pressure of 7200 bars
(Kelly area), the volume term for the Fe-Mg ex-
change reaction [equation (2)] equals —158 cal. Thus,
included in the calculated AG2}s value of —2482 cal
is —2324 cal (AG?) and a volume term of —158 cal
[i.e., —0.022 P(bars) for the Kelly area]. Equation (10)
can now be rewritten in the form

T(°K) = [2324 + 0.022P(bars) + 1509( X5 — X521
+ 2810(XE2) + 2855(XuaN)/(1.987 In Kp) (19)

Recent gar-cpx geothermometers of Ganguly
(1979) and Saxena (1979) work very well for perido-
tites, high-temperature eclogites, and upper-granulite
facies rocks. However, both methods yield temper-
atures for the Kelly and Carter Creek areas that are
significantly higher than the consensus estimates re-
ported earlier (see Table 7). Equation (19) may find
general application to (1) upper-amphibolite and
lower-granulite facies rocks in which pyroxenes are
low in Na and Al and (2) rocks that are high in Mn.
Reliable application of equation (19) to other local-
ities is based upon the assumption that AG?7. is nearly
constant over a broad temperature range. This as-
sumption is reasonable because (1) the heat capacity
integrals in equation (14) virtually cancel out, re-
gardless of temperature, and (2) the value of AS%y, for
equation (2) is nearly zero; a value of +1.013 cal/°K
is obtained using S5, data from Robie er al. (1978)

Table 7. Peak metamorphic temperature estimates for the Ruby

Range

Ganguly Saxena this paper Raheim and
Sample (1979) (1979) (eqn. 10) Green (1974)

o€ T°C 556 T°C
RMK-27, 811 809 739 643
RMK-13 832 792 760 653
RMK-17 833 827 785 627
RMK~77 810 812 723 632
RMK-26 827 800 755 641

* Kelly

RMK-76 803 791 749 628 area
RMK~82 799 803 769 618
RMK-46 791 836 710 598
RMK-379 809 790 753 584
REK-37] 811 795 763 587
mean T = 813%14 80616 751422 621424
RMC-71 311 671 685 536 Carter
RMC-1, 761 671 643 536 Creek
RMC-1, 764 674 636 537 area

mean T = 779*28 67212 65527 5361

Equation (18) yields an Iindependent temperature estimate of
752+229C for the Kelly area. COnsensgs estimates for the Ruby
Range are 745+50°¢ (Kelly) and 675*457°C (Carter Creek). (Dahl,
1979).
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and Helgeson er al. (1978). If this value is correct,
then a 100°K change in temperature results in only a
101 cal (or 4.6 percent) change in AG? (= —2324 cal).

Garnet-orthopyroxene

Measured In K, (Fe/Mg; gar-opx) and calculated
sum(X) values for garnet—orthopyroxene pairs from
the Kelly area (Table 6) and other localities are
plotted in Figure 7. The relative positions of the data
points representative of these localities should, in
principle, permit tentative determination of their rel-
ative metamorphic temperatures. Line B represents
the Kelly isotherm (745+50°C). Line C is an iso-
therm defined by compositions in garnet-ortho-
pyroxene—cordierite gneisses from a 43-km’ area in
the Guayana Shield region, Venezuela (Dougan,
1974). The proximity of lines B and C suggests little
or no temperature difference between the Kelly and
Venezuelan localities. On the basis of several geo-
thermometers, Dougan inferred a metamorphic tem-
perature of 760+40°C for the Venezuelan locality,
which indeed is concordant with estimates for the
Kelly area.

The three points comprising group D in Figure 7
define part of an isotherm for highly metamorphosed
iron-formations from a small area near Quairading,
Western Australia (Davidson and Mathison, 1973).
Group D plots at significantly lower In K, than line
B, suggesting that peak temperatures in the Qua-
irading area exceeded 745°C. To test this conclusion,
coexisting pyroxenes from the two localities are com-
pared in the pyroxene quadrilateral shown in Figure
8. The Quairading pyroxenes plot at a higher temper-
ature (ca. 800°C) on the pyroxene solvus than those
from the Kelly area. Thus, two independent methods
result in the same relative temperature estimate for
the two localities.

Line E in Figure 7 represents core compositions
for garnet-orthopyroxene-cordierite-bearing an-
orthosites from a 10000-km” area in the Nain Prov-
ince, Labrador (Berg, 1975, 1977). The eight samples
included in Figure 7 represent those for which Berg
obtained his highest (concordant) garnet—cordierite
and garnet-biotite temperatures—858+60°C. Lines
E and B barely overlap, so that thermal comparison
of the Kelly and Nain areas is possible only at
sum(X) values near 1100 cal/mole. The lower In K,
for line E at this sum(X) is consistent with the higher
temperatures inferred by Berg for the Nain area.

The five scattered points labelled group A in Fig-
ure 7 represent rim compositions for some of the
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Fig. 7. Dependence of Kp(Fe/Mg; gar-opx) on sum(X) [as
defined in equation (13)] for garnet-orthopyroxene pairs from
several localities. Labeled lines delineate trends for each locality.
Lines B, C, and E represent distinct isotherms; groups A and D
represent parts thereof (see text). Lower Kp, isotherms probably
represent higher metamorphic temperatures. Kp = (Fe/Mg)S=r/
(Fe/Mg)°P*. Ruby Range samples are all from the Kelly area
except for sample RMS-22, which is from Stone Creek. Total Fe
was used in the Kp calculations for Labrador and Ruby Range
samples, except for sample RMK-48. All other Ky, values were
corrected for Fe** in the published analyses. Cross in lower right
represents uncertainties (20) in the data point for sample RMK-
48 uncertainties in all other data points in line B are smaller.

eight high-temperature Nain samples. Berg con-
cluded, on the basis of antithetic Fe-Mg profiles at
grain edges of both garnets and coexisting ortho-
pyroxenes, that the rim K, values reflect retrograde
metamorphic conditions; for these conditions, he es-
timated temperatures in the range of 547+25°C. It is
not surprising, therefore, that the group A data
points cluster well above all isotherms in Figure 7.

Reconstruction (not shown) of Figure 7, using in-
stead Ganguly’s (1979) mixing parameters for garnet,
results in no change in the relative positions of iso-
therms and data points shown, although the slope for
line E parallels the other lines better.

The AG? component of AGy in equation (13) is not
constant over a broad range of temperature, in-
asmuch as a ASS; value of +13.9 cal/°K is obtained
for equation (13), using S5, data from Robie e al.
(1978) and Helgeson et al. (1978). This shortcoming
precludes the use of equation (13) as an absolute geo-
thermometer, but does not affect the use of K, (Fe/
Mg; gar-opx) as a relative geothermometer, as in
Figure 7.
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Limitations

Figures 6 and 7 represent attempts to normalize
the compositional effects on In K,, (Fe/Mg; gar-cpx)
and In K, (Fe/Mg; gar-opx) so that meaningful geo-
thermometry can be done. However, there are several
limitations inherent in their application. First, ther-
mal comparisons between areas may be invalid un-
less their respective isotherms (or portions thereof)
overlap in sum(X) values. Thus in Figure 7 direct
comparison of lines C or E with group D is not advis-
able.

Second, in both figures the effects of load pressure
P on In K, are ignored. All samples plotted in these
figures were metamorphosed to pressures in the
range 4.5-8.5 kbar, according to estimates available
from the literature. Radheim and Green’s (1974) ex-

periments suggest that an increase in P from 4.5 to
8.5 kbar results in a 4 percent increase in In K, (Fe/
Mg; gar—cpx) at 750°C. Thus, normalization for pres-
sure effects in Figures 6 and 7 may result in slight
shifts among the isotherms, but these shifts are prob-
ably not significant enough to alter the relative tem-
peratures inferred earlier.

Third, and perhaps most important, the reliability
of Figures 6 and 7 is contingent on the inherent cor-
rectness of the respective thermodynamic models
[i.e., equations (10) and (13)]. Although the models
do account for most of the variance in RT In K, ob-
served for the Montana garnet-pyroxene pairs, they
do not account for the possible effects of variable
Fe’* in garnet or variable Na, Al, Ca, or Mn in py-
roxene; nor do they account for the non-ideality of
mixing between Fe and Mg in pyroxene MI-M2

f

“Wo”

(Ca+ Mn) SiO5 for cpx
CaSiO5 for opx

Clinopyroxene

Pigeonite
metgstable

Orthopyroxene

° Quairading, W. Australia (Davidson, 1969)

———en Kelly and Stone Creek areas, Ruby Mtns., Montana (this study)
Isotherms after Ross and Huebner (1975)

Fig. 8. Pyroxene pairs from the Ruby Range (single, not averaged, analyses plotted) compared with those from the Quairading district
of Western Australia (Davidson, 1969). Superimposed is the experimentally-determined pyroxene solvus of Ross and Huebner (1975). It
is assumed that Ca and Mn occupy the M2 site of clinopyroxene; the relative position of the two curves is not changed, however, if Mn is
plotted with FeT (total iron) instead of with Ca. Ross and Huebner place a £100°C uncertainty on temperatures estimated by their

method.
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sites. These limitations can be removed only when
larger data bases incorporating broad variations in
diverse components are studied. Such data bases are
most likely to be found in highly metamorphosed ter-
rains containing garnet-pyroxene pairs in diverse
lithologies.

Conclusions

The Ruby Range, southwestern Montana, has
been used as a natural laboratory to model the P-T-
X dependences of garnet-pyroxene K, (Fe/Mg) val-
ues. The major conclusions of this study are summa-
rized below.

(1) Petrographic and geothermometric data in-
dicate that peak metamorphic P-T conditions for the
Kelly and Carter Creek areas were 7.2+1.2 kbar,
745x50°C and 6.2+1.2 kbar, 675+45°C, respec-
tively.

(2) The excellent correlation between measured
garnet—clinopyroxene K, values and those predicted
using Ganguly’s (1979) garnet mixing parameters
(Table 3) supports the general validity of his parame-
ters and confirms the temperature difference inferred
between the Kelly and Carter Creek areas. The cor-
relation also indicates that within a given area, gar-
net—-pyroxene pairs in diverse lithologies last equilib-
rated at the same or nearly the same temperature.

(3) Garnet-pyroxene K, (Fe/Mg) values are
highly dependent on composition—particularly on

e and X 2. Meaningful geothermometry, there-
fore, requires that such compositional effects be
taken into account, such as is done in equations (9),
(10), (13), (18), and (19), and in Figures 6 and 7.

(4) Multiple linear regression of the Ruby Range
data base in conjunction with known temperatures of
metamorphism yields new and internally consistent
values of AGsi’ats” for Fe**—Mg exchange reactions
involving garnet—clinopyroxene [equation (2)], gar-
net—-orthopyroxene [equation (11)], and clinopyrox-
ene—orthopyroxene [equation (15)]. Because all three
values are much closer to zero than values obtained
using thermochemical data from Robie et al. (1978),
Helgeson et al. (1978), and Zen (1973), they are more
compatible with the known dependences of K, val-
ues on temperature.

The regression also yields new values for the gar-
net mixing parameters (Table 4). These results cor-
roborate those reported by Ganguly (1979), except
that the we.,, inferred in my study is intermediate to
Ganguly’s and O’Neill and Wood’s (1979) values.
This discrepancy may reflect a temperature depen-
dence for this parameter.
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(5) Equation (19) may be applied as a geother-
mometer to upper-amphibolite and lower-granulite
facies rocks or to rocks high in Mn. Both Ganguly’s
(1979) and Saxena’s (1979) garnet—clinopyroxene
thermometers yield high temperatures for such rocks
(Table 7), although they appear to work extremely
well for eclogites, peridotites, and upper-granulite
facies rocks.

(6) Larger data bases from the Ruby Range and
other terrains are required in order to evaluate the
possible effects on K,, of components other than
those considered in this study. Such components in-
clude Fe** in garnet and Na, Al, Ca, and Mn in py-
roxene. Also, an accounting for the non-ideal mixing
of Fe and Mg in pyroxene MI-M2 sites is desired.
Despite these omissions, the thermodynamic models
presented in this paper explain up to 89 percent of
the variance actually observed in K, (Fe/Mg) values
for garnet-pyroxene-bearing mafic gneisses and iron-
formations from the Ruby Range.
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Structure and redox equilibria of iron-bearing silicate melts
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Abstract

Redox equilibria and coordination states of iron in silicate melts have been determined
with Mossbauer spectroscopy. The anionic structure of the silicate network of the melts has
been determined with laser Raman spectroscopy.

Mossbauer spectroscopic data indicate that in all quenched melts in the system Na,O-
FeO-Fe,0,-Si0, at 1 atm pressure, ferric iron is in tetrahedral coordination, probably as an
NaFeO, complex. For example, melt of NaFe’*$i,0 composition quenched from 1400°C
has a three-dimensional network structure. In all melts, the Fe** is octahedrally coordinated
with oxygen.

Both Fe** and Fe?* are network modifiers in the system CaO-MgO-FeO-Fe,0,-Si0,,
probably because CaFe,0, and MgFe,O, complexes are not stable in molten silicates. Only
alkali metals can stabilize ferric iron in tetrahedral coordination.

Quenched melts along joins such as Na,SiO,-NaFeSi,O¢ become progressively more po-
lymerized as the acmite content of the system increases. Under f{O,) conditions more reduc-
ing than that of air, Fe**/ZFe of the melts also increases with increasing acmite content (in-
creasing degree of polymerization) of the melt. At fixed bulk composition iron-bearing melts
of alkali silicates become depolymerized with decreasing f{O,) because NaFeO, complexes in
the silicate network are transformed to Fe>*Ql°~ octahedra, whereby ferrous iron becomes a
network modifier.

The Raman spectra are interpreted to suggest that the anionic structure of quenched meta-
silicate melts on the join CaSiO,-MgSiO; predominantly consists of three structural units—
separate SiO} tetrahedra, Si,02~ and Si,0¢" units. The proportions of SiO3~ and $i,02-
units increase relative to that of Si,0%~ units as the Ca/(Ca + Mg) of the melt increases. In
melts on this join with 5 mole % FeSiO; component added, the Fe**/ZFe decreases with in-
creasing Ca/(Ca + Mg). This decrease is related to the increased degree of proportionation of
the Si,O%™ units to SiO%~ and Si,0%" units with increasing Ca/(Ca + Mg).

Provided that sufficient alkali metal is available in rock-forming silicate melts for local
charge balance of Fe**, the ferric iron will be in the network. A progressive decrease of M*/
M?** of a magma (as a result of fractional crystallization, for example) will result in ferric
iron shifting from IV to VI coordination, thus changing the anionic structure of the melt.
This change will also change some properties of the melt such as viscosity and density and
the activity coefficients of trace elements.

Introduction

The redox ratio of iron in rock-forming silicate
melts is often used as an indicator of petrogenetic
history (e.g., Fudali, 1965). Its partitioning behavior
between melts and crystals has also been used to de-
duce the petrogenetic history of basaltic and deriva-

! Present address: Mineralogisch-Petrographisches Institut und
Museum der Universitit Kiel, Olshaussenstrasse 40-60, 2300 Kiel,
West Germany.
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tive melts (Osborn, 1959, 1962, 1977; Carmichael,
1967; Buddington and Lindsley, 1964; Roeder and
Emslie, 1970).

Recent experimental work has been devoted to de-
termining the influence of both intensive and exten-
sive variables on the redox ratio of iron in silicate
melts (Lauer, 1977; Lauer and Morris, 1977; Schrei-
ber et al., 1978; Mysen and Virgo, 1978). The prob-
lem is complex because iron may not simply respond
to variations in melt structure; rather it may affect
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the melt structure in important ways. Furthermore,
the iron component in a melt can play a dual role be-
cause Fe can be both tetrahedrally and octahedrally
coordinated. The structural role of iron is controlled
by an involved interrelationship between degree of
polymerization of the host, types of cations present,
amount of iron present and its oxidation state (Waff,
1977). In an attempt to understand these problems, a
study of the anionic structure of quenched Fe-bear-
ing silicate melts has been undertaken. In this report
the structural role of iron as a function of oxygen
fugacity and bulk composition of the melt is empha-
sized.

Experimental techniques

Bulk compositions were chosen to determine the
relations between redox states of iron and the ratio of
nonbridging to bridging oxygen in the melt (NBO/
BO) and the effect of different modifying cations on
the structural role of ferric and ferrous iron. Such an
effect is most conveniently studied in systems like
Na,0-FeO-Fe,0,-SiO,(NFFS) and CaO-MgO-
FeO-Fe,0,-Si0, (CMFFS) because structural data on
melts in portions of these systems are already avail-
able (Brawer and White, 1975, 1977; Etchepare,
1972; Brown et al., 1978; Mysen and Virgo, 1978, in
preparation; Seifert et al, 1979a,b; Mysen et al,
1979; Virgo et al., 1980). The NBO/BO varies as a
systematic function of Na content of melts on the
join Na,0-Si0,, for example (Brawer and White,
1975). It is also known that the anionic structure of
quenched metasilicate melts is similar for a larger va-
riety of network-modifying cations (Brawer and
White, 1975, 1977; Verweij and Konijnendijk, 1976;
Virgo et al., 1980; Mysen et al., 1980).

The starting materials were prepared from spectro-
scopically pure (Johnson and Matthey) SiO,, Fe,0,,
MgO, CaCO,, and reagent grade Na,CO,.

The mixtures, (10-30 mg) were held at 1400-
1585°C as beads on the Pt-wire loops in air or in a
gas mixing furnace for time periods ranging from 6
to 1/2 hr, depending on the temperature of the ex-
periment. Mysen and Virgo (1978) determined redox
ratios of iron in melts on the join NaA1Si,O
NaFe’*Si,0, as a function of time at 1450°C, and
found that at that temperature a sample of about 50
mg would equilibrate with the surrounding atmo-
sphere in about 1/2 hr. The present samples gener-
ally are less viscous than those studied by Mysen and
Virgo. It is likely, therefore, that >1/2 hr run dura-
tions are sufficient to attain equilibrium.

The samples are quenched in air, mercury, or lig-

uid nitrogen to produce glasses of the appropriate
compositions. The compositions given here are nomi-
nal values.

The Mossbauer spectroscopic techniques were
identical with those of Mysen and Virgo (1978). Ex-
cept for the magnetic spectra (see below), a maxi-
mum of three lines were visually resolved when both
ferric and ferrous iron were present in the quenched
glasses, and only up to three lines of Lorentzian
shape were fitted to the spectra. The absence of any
splitting or even significant broadening of the low-
velocity line indicates that the position of the low-
velocity component of the ferric doublet closely
matches that of the low-velocity component of the
ferrous doublet, so that the sum of these two lines
can be treated numerically as a single line. Further
justification for this procedure can be derived from
the position of the low-velocity line in largely ferrous
and completely ferric samples. For instance, in glass
of acmite composition the velocity changes from
—0.132 mm/sec (relative to metallic iron) in the re-
duced sample to —0.237 mm/sec in the oxidized
sample, a small change compared with the half-width
of these absorption lines (about 0.60 mm/sec).

The Fe®*/ZFe values have been calculated from
the area ratios of the ferrous and ferric doublets (see
also Mysen and Virgo, 1978). When only two lines
(due to the ferrous doublet) can be observed, any de-
viation of the Fe**/ZFe value from 1 will be re-
flected in the inequality of peak areas. An example of
this effect is the relation between f(O,) and Fe**/ZFe,
as discussed further below. The Fe**/ZFe is calcu-
lated from the difference of the peak areas. The relia-
bility of Fe**/ZFe of glasses determined with Moss-
bauer spectroscopy was discussed in some detail by
Mysen and Virgo (1978), who also reported com-
parative studies using wet-chemical analysis as an
additional technique. Comparative studies using wet-
chemical and Mdssbauer techniques for determina-
tion of Fe**/ZFe were also conducted by Bancroft
and Burns (1969) and Bancroft et al. (1969). In those
studies, there generally was agreement between the
results with the two methods. Whenever dis-
crepancies arose, the wet-chemical technique gave
higher Fe'*/ZFe. Replicate wet-chemical analysis of
such samples brought the results into agreement. It
should be mentioned in this context that the wet-
chemical techniques used are oxidation techniques.
It is not surprising, therefore, that if there are
discrepancies, they tend to be on the side of too much
ferric iron. Kurkjian (1970) used published redox ra-
tios of iron-bearing glasses on the join Na,0-SiO,-
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FeO-Fe,0, based on wet-chemical analysis (where
no report on technique for wet-chemical analysis is
given) and compared the results from those uncha-
racterized samples with Mossbauer results obtained
by him on a new set of samples. In that study, results
with both higher and lower Fe**/XFe values were re-
ported. Inasmuch as the samples used in that study
were not described appropriately, one cannot assess
the quality of either the wet-chemical or the M&ss-
bauer results. Therefore, the conclusions drawn by
Kurkjian (1970) are open to question.

The Raman spectra were taken on small chips of
quenched melts (~ 0.5-1.0 mm cubes) that were free
of bubbles. The spectra were recorded with a Jobin—
Yvon optical system, holographic grating, double
monochromator (HG25), and a photon-counting de-
tection system. The spectra were recorded at about 3
cm~'/sec. The iron-free samples were excited with
the 488.0 nm line of an Ar* laser, using a laser power
of 200-400 mW at the sample with a 90° scattering
geometry. The iron-bearing samples were excited
with the 647.1 nm line of the Kr* ion laser also oper-
ated at 200-400 mW. Polarized spectra were ob-
tained with the focused exciting beam parallel to the
horizontal spectrometer slit and with the electric vec-
tor of the exciting radiation in a vertical orientation.
A sheet of polarizer disk in front of an optical scram-
bler was used to record separately the parallel and
perpendicular components of the scattered radiation.

As a matter of routine, replicate spectra from the
same chips, from different chips of the same experi-
mental run product, and from replicate experimental
run products were also taken.

Results and discussion

Mossbauer spectroscopy

The hyperfine parameters calculated from the
Maossbauer data on quenched melts in the system
Na,0-FeO-Fe,0,-Si0, are shown in Table 1.
Spectra of crystalline acmite, composition
Na,Fe’*S$i,0,, (Bowen et al, 1930) and a ferrous-
bearing akermanite (50 mole percent FeAk-50 mole
percent Ak) were also taken (Table 2), in order to
determine the hyperfine parameters for ferric iron in
octahedral coordination and ferrous iron in tetrahe-
dral coordination.

In all quenched melts on the join Na,SiO,-
NaFe**S$1,0, (NS-Ac) in air, the absence of any ab-
sorption peak at about 1.8 mm/sec and the equal in-
tensity and half-width of the two-component peaks
of the doublet indicate that more than 95 percent of
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Table 1. Hyperfine parameters of ferric iron of quenched melts on
the join Na,Si0;-NaFe**Si,O4 at 1400°C in air (mm/sec)

Composition IS(Fe3+) QS(F83+)
NS85Ac15 0.264 0.847
NS75Ac25 0.232 0.832
NS50Ac50 0.227 0.732
NS25Ac75 0.249 0.906
Acl00 0.249 0.971

. L + : 3
IS(Fe3+), isomer shift of Fe3 relative to metallic

iron. QS(Fe3*), quadrupole splitting of Fe3*.

the iron is in the ferric state (Fig. 1). In quenched
melts with 6 mole percent or less Ac (NS94Ac6), an
additional line is observed at about 1.5 mm/sec (Fig.
2) and the tail region of the envelope extends to at
least 7.5 mm/sec. In spectra taken at 77K (Fig. 2B)
individual lines appear in this tail region, which con-
stitutes a broadened magnetic sextet pattern superim-
posed on a doublet. The magnetic splitting suppos-
edly arises from long relaxation times of spin-spin
interactions of Fe** at these low iron concentrations
(Bhargava et al., 1979).

The quenched melts on the join NS-Ac with more
than 6 mole percent acmite component but with
Na,O < SiO,, quenched in air, show similar features.
We conclude, therefore, that all iron is in the ferric
state (within the detection limit, <95%) in the melts
in the system Na,O-Fe,0,-8i0, when equilibrated in
air.

The Mossbauer spectra of the melts in the system
Na,O-Fe,0,-Si0, show a visually resolved doublet
(Fig. 1) with isomer shifts in the range between 0.23
and 0.26 mm/sec and quadrupole splitting from 0.79
to 0.97 mm/sec (Table 1). These values compare with
isomer shift values of 0.38-0.40 mm/sec and quad-
rupole splitting of 0.30 mm/sec, respectively, for the
two crystalline phases with Fe** in octahedral coordi-
nation (Fig. 1; see also Table 2).

Only compositions with small amounts of sodium
metasilicate component have been investigated at
low oxygen fugacity because of excessive sodium loss
from the depolymerized melts close to the Na,SiO,
composition (Seifert et al., 1979a). Even in the more
Si- and Fe-rich compositions some loss of sodium to
the CO,/CO vapor phase of the furnace may have
taken place, and the compositions studied may there-
fore not lie exactly on the join.

As the oxygen fugacity is lowered, the ferric dou-
blet in the Mdssbauer spectra becomes asymmetric,
and eventually a new line at ~1.8mm/sec is ob-
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Table 2. Hyperfine parameters of iron-bearing crystalline materials (mm/sec)

2
Composition 1s(Fe3h) 1s(re?™ Qs (Feh) as(re’ ™)
NaFe3+SiZO6 0.399 0.301
NagFe>'51,0,, 0.377 0.300
(CaFe) '81,0,) 50 o1 o (CaMe,S1,0,) 50 o o 0.958 2.394

IS(Fe3*), isomer shift of Fe3* relative to Fe metal.

0S(Fe3t), quadrupole splitting of Fe3+.

IS(Fe?t), isomer shift of Fe2+ relative to Fe metal

0S (Fe?+), quadrupole splitting of Fel+.

served. The intensity of this new line increases as the
oxygen fugacity decreases (Fig. 3). Concomitantly,
the intensity of the high-velocity component of the
ferric doublet decreases until only two lines of nearly
equal area are observed (Fig. 3, Table 3), as also dis-
cussed above. The low-velocity component of this
doublet is more intense and has smaller line width
than the high-velocity component. The isomer shift
of the latter doublet (~0.95 mm/sec) is typical of fer-
rous iron, and the Fe**/XZFe values could be deter-
mined from its area, as described in the section on
experimental techniques. The Fe**/ZFe values thus
derived show systematic relationships to both bulk

.020-

Resonant Absorption

Residual

4.0 2.0 0.0 2.0 40
Velocity mmi/sec

composition and oxygen fugacity (Fig. 4). At con-
stant oxygen fugacity the Fe**/ZFe increases as the
acmite content of the quenched melt is increased
from 50 mole percent Ac toward pure acmite. At
constant bulk composition the Fe**/ZFe increases
with decreasing oxygen fugacity.

The Mossbauer spectra of quenched melts in the
system CaQO-MgO-FeO-Fe,0,-Si0, are shown in
Figures 5 and 6 (see also Table 4). In all samples, ex-
cept the two at MgSiO,; + 5 mole percent FeSiO, at
1585°C and CaMgSi,0, + 1 mole percent FeSiO, at
1425°C, a ferric iron doublet is visually resolved. The
line widths of the component peaks of the Mdssbauer

4.0 2.0 0.0 2.0 4.0
Velocity mmisec

Fig. 1. >’Fe Mdssbauer spectra of the composition NFS518 (50 mole percent Na,S$i0;-50 mole percent NaFe’*$i,0¢) in air. (A)

Quenched melt. (B) Crystalline.
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Fig. 2. ’Fe Mossbauer spectra of quenched melt of Na,SiO; composition with 1 mole percent NaFe**8i,06. (A) 298K. (B) 77K.

spectra of quenched metasilicate melts of the alkaline
earths are generally greater (0.8-0.9 mm/sec) than
those of alkali metasilicate melts with similar
amounts of iron present (0.5-0.6 mm/sec).

The isomer shift of ferric iron [IS(Fe**)] of melts in
the system CMFFS is greater than 0.37 mm/sec and
generally greater than 0.45 mm/sec (Table 4). That
of ferrous iron [IS(Fe®")] is about 1 mm/sec for all
compositions studied. The quadrupole splitting of
ferric iron is about 1 mm/sec and that of ferrous iron

is about 2 mm/sec.

The Fe**/=Fe of quenched melts of alkaline earth
metasilicate melts as a function of temperature and
Ca/(Ca + Mg) and FeSiO, content of the starting
material in air is shown in Figures 7-9. No evidence
for a magnetic component was found in the Mdss-
bauer spectra of metasilicate melts of the alkaline
earths with low iron content. The Fe**/ZFe of melts
with 5 mole percent FeSiO, component added to the
starting material increases with decreasing Ca/(Ca +
Mg) in air at 1585°C (Fig. 8). Even the most oxidized
sample, however, contains about 50 percent ferrous

Resonant Absorption

Residual
?

4.2

5 i . | i = :
4.2 21 0.0 2.1 42 42 2.1 0.0 21 4.2
Valocity mmisec
Fig. 3. *’Fe Mossbauer spectra of quenched melts of composition NFS518 (see Fig. 1) as a function of AO,) at 1400°C. (A) AO,) =
10~* atm. (B) O,) = 107% atm. (C) {O,) = 10~% atm.
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Table 3. Hyperfine parameters and area ratios of glasses in the system sodium metasilicate-acmite-Na,0-2FeQ-4Si0, under reducing

conditions
_h;§+_'_'__ a Felt
Composition, Log f(Oz), = S B S F 2+/2Fe
mole % acmite atm 1s, Qs, FWHH FWHH 1s, Qs, FWHH FWHH €
L H L H
mm/sec  mm/sec mm/sec  mm/sec
50 -4 0.253 0.833 0.556 0.603 0.938 2.194 0.539 0.126
-6 0.264 0.744 0.568 0.732 0.938 2.091 0.628 0.435
-8 0.182 0.468 0.534 0.898 0.956 2.044 0.699 0.750
15 -4 0.260 0.879 0.583 0.591 0.925 2.209 0.592 0.117
-6 0.283 0.759 0.609 0.720 0.940 2.060 0.696 0.505
-8 0.991 1.955 0.755 0.754 0.889
-10 0.993 1.943 0.681 0.746 0.916
100 -4 0.249 0.884 0.593 0.611 0.888 2.148 0.811 0.228
-6 0.302 0.691 0.618 0.699 0.956 2.033 0.722 0.656
-8 0.937 1.937 0.682 0.787 0.927
The compositions are given in terms of the oxidized system.
IS, isomer shift relative to metallic iron. (S, quadrupole splitting. FWHH, full width at half height.

Indices H and L, high- and low-velocity component peaks.

iron. The Fe**/3Fe also increases with increasing
temperature (Fig.9). We also noted that at similar
temperature, oxygen fugacity, and iron content,
about 50 percent of the iron is ferrous in quenched
matasilicate melts of the alkaline earths whereas all
the iron is ferric in sodium metasilicate melts (Figs. 4
and 9).

The structural role of iron in the quenched melts
can be determined to a large extent from its coordi-
nation to oxygen, which is reflected by the hyperfine
parameters of the Mdssbauer spectra. Tetrahedral
and octahedral Fe>* show well-defined ranges of iso-
mer shifts in crystalline phases (0.19-0.30 mm/sec
and 0.36-0.50 mm/sec, respectively; Annersten and
Hélenius, 1976; Kurkjian, 1970; Taneja et al., 1973;
Annersten and Olesch, 1978). The isomer shifts ob-
served for Fe’* in the quenched melts of sodium

0 T T T
+0.0 *0.0 0,0
2F 4
4 +013 0,12 -023 A
o~
o
= 6+ +0.44 <0.51 <066 -
o
-
8 +0.75 <0.89 +093 A
A0+ +0,92
L . . \
50 75 100

mole per cent acmite

Fig. 4. Fe>*/ZFe of melts on the join Na,Si0;-NaFe**Si,04 at
1400°C as a function of {O,) and acmite component.

metasilicate-acmite composition (about 0.25 mm/
sec) are therefore typical of ferric iron in tetrahedral
coordination. In addition, the rather sharp lines and
the absence of any distinct asymmetry preclude the
existence of significant amounts of octahedral Fe’*,
Further support for this interpretation is found in the
large difference in IS(Fe’*) of melts and crystals of
NaFe**Si,0, and Na,Fe**Si,0,, compositions (0.23-
0.26 mm/sec and 0.38-0.40 mm/sec, respectively;
Tables 1 and 2). Note that Brown ef al. (1978) con-
cluded that the Fe** is in tetrahedral coordination,
based on EXAFS analysis.

The isomer shifts of alkaline-earth metasilicate
melts for ferric iron are generally in the range of
0.45-0.50 mm/sec (Table 4), which is well within the
range of IS(Fe**) of ferric iron in octahedral coordi-
nation in crystalline materials (Annersten and Hai-
lenius, 1976; Annersten and Olesch, 1978; see also
Mysen and Virgo, 1978). We conclude, therefore,
that tetrahedrally-coordinated ferric iron is unstable
relative to octahedrally-coordinated ferric iron in
quenched alkaline-earth metasilicate melts.

The hyperfine parameters of ferrous-iron
quenched melts apparently are less sensitive to oxy-
gen coordination number than those of ferric iron. In
crystalline ferrous akermanite (50 mole percent)-
akermanite (50 mole percent), the IS(Fe**) is about
0.95 mm/sec and the quadrupole splitting is about
2.35 mm/sec.

The isomer shifts of ferrous iron in the present
quenched melts are between that of octahedral (gen-
erally greater than 1.10 mm/sec) and tetrahedral
(about 0.90 mm/sec) ferrous iron in crystalline com-
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Fig. 5. 5"Fe Mossbauer spectra of quenched melts on the join CaSiO,-MgSiO; with 5 mole percent FeSiO; component at 1585°C and

1 atm in air. (A) CaSiO,. (B) CaMgSi,Os. (C) MgSiO;.

pounds. Octahedral ferrous iron seems to exhibit sys-
tematically lower isomer shifts in quenched melts
compared with crystals, however, as exemplified by
the isomer shift of Fe®* in synthetic quenched melts
(1.04-1.07 mm/sec) where Fe** is known to occupy
octahedral positions from optical absorption studies
(Mao et al., 1973; Bell and Mao, 1974).

These low values might be related to the decrease
of the IS(Fe**) with increasing distortion of the oc-
tahedron (Seifert and Olesch, 1977). The quad-
rupole splitting of Fe** also indicates distorted sites.

We conclude, therefore, that at least a major frac-

tion of ferrous iron in the quenched melts we studied
is incorporated into octahedral positions. Ferric iron
is in tetrahedral coordination in quenched melts with
alkali metals. In quenched melts in which alkaline
earths are the dominant modifying components, fer-
ric iron is in octahedral coordination. Ferrous iron is
in octahedral coordination in both types of melts.

Raman spectroscopy

In order to provide a framework for band-assign-
ments in the melts under consideration, the Raman
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Fig. 6. 5’Fe Mossbauer spectra of quenched melts on the join CaMgSi,O-FeSiO; at 1425°C and 1 atm in air. (A) I mole percent

FeSiOs. (B) 5 mole percent FeSiO;. (C) 10 mole percent FeSiO;.
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Table 4. Mossbauer data on quenched melts in the system CaO-MgO-FeO-Fe,05-5i0,

Fe3+ Fe2+
Composition szp' ’ f(oz) Fe2+/ZFe
IS, mm/sec QS, mm/sec IS, mm/sec QS, mm/sec
Di + 1% Fs* 1425 air . ) - 1.014 1.918 0.82
Di + 2.5% Fs 1425 air 0.524 1.073 0.998 2.011 0.60
Di + 57 Fs 1425 air 0.479 1.027 0.982 2.032 0.58
Di + 10% Fs 1425 air 0. 372 1.114 0.921 2.214 0.36
DW50 + 5% Fs 1525 air 0.449 1.028 0.980 2.057 0L55
DW50 + 5% Fs 1525 0y 0.453 1.064 0.956 2.071 0.47
Di + 5% Fs 1525 air 0.492 1.060 0.984 2.048 0.61
DE50 + 5% Fs 1525 air 0.532 1.053 0.987 2.003 0.64
DE50 + 5% Fs 1525 0y 0.473 1.026 0.977 2.035 0.60
WO + 5% Fs 1585 air 0.422 0.965 0.961 2.044 0.51
WO + 10% Fs 1585 air 0.382 0.939 1.048 1.904 0.35
DW50 + 5% Fs 1585 air 0.500 1.002 0.999 2.002 0.60
Di + 5% Fs 1585 air 0.484 1.024 1.024 2.046 0.60
DE50 + 5% Fs 1585 air 0.510 1.001 1.051 2.034 0.867
En + 5% Fs* 1585 air 0.923 1.835 0.78

*Two-line fit.

IS, isomer shift relative to Fe metal; QS, quadrupole splitting; Di, CaMgSijOg; DW50,
50 mole % CapS5ipOg; DE50, 50 mole % CaMgSipOg~50 mole % MgpSipOg; En, MgSiO3; Fs, FeSiO3

ent with Fep03 in the starting material).

50 mole % CaMgSiz0Og-
(added as a compon-

spectra of quenched melts on various metal oxide—
silica joins as a function of metal oxide/silica ratio
and type of metal oxide must be considered. A con-
siderable amount of data is already available (Bra-
wer and White, 1975, 1977, Furukawa et al., 1978;
Verweij, 1979a,b; Virgo et al., 1980; Mysen et al.,
1980; Virgo and Mysen, in preparation). The data
base provided by these authors includes NBO/Si
(nonbridging oxygen per silicon) from near 4 (ortho-
silicate) to O (three-dimensional network), and cat-
ions such as K*, Na*, Li*, Ca**, Mg**, and Pb**. In
summarizing these data, Brawer and White (1977)
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Fig. 7. Fe**/ZFe of quenched melts on the join CaSiO;-
MgSiO;-FeSiO; as a function of Fs content.

and Virgo et al. (1980) concluded that the Raman
spectra of melts with given metal oxide/silica ratio
do not depend on the type of metal cation. They in-
ferred from this conclusion that the anionic structure
of binary metal oxide-silicate melts does not depend
on the type of metal cation.

The most accurate spectroscopic information on
the structure of such binary melts can be obtained
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Fig. 8. Fe*/ZFe of quenched melts on the join CaSiO;-
MgSiO; with 5 mole percent Fs component added.
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Fig. 9. Fe**/2Fe of quenched melt of CaMgSi,O¢ + 5 mole
percent FeSiO; component as a function of temperature in air.

from alkaline-earth silicate melts, as such melts are
not significantly hygroscopic and do not suffer poten-
tial metal-cation volatilization during preparation
(Kracek, 1930). Among the joins of alkaline-earth sil-
icates, the join with the widest range of M/Si is
CaO-MgO-SiO, (Ca/Mg = 1) (Virgo et al., 1980;
Mysen et al., 1980). Eight spectra from melts on that
join are reproduced in Figure 10 (see also Table 5).
Compositionally, these melts differ only in (Ca +
Mg)/8Si, as indicated in Figure 10.

The dominant feature of each spectrum is the in-
tense, slightly asymmetric band in the region be-
tween 600 and 670 cm™' combined with an intense,
high-frequency envelope in the region between 800
and 1100 cm™. All these bands are strongly polar-
ized. All the bands, with the exception of that in the
region 600-670 cm™', remain at the same frequency
as M/Si varies (Fig. 10). The latter bands shift to
higher frequency as a systematic function of increas-
ing M/Si.

In melts with M/Si between 1.9 (DM 95) and 1.18
(DM 25), there is a very strong sharp band near 870
cm™' and a less intense band near 900 cm™'. The 870
cm™' band remains in all spectra of melt composi-
tions from DM 95 to SD 40. The 900 cm™' band dis-
appears somewhere between DM 25 and Di composi-
tion (M/Si = 1.18 and 1.0, respectively). It appears
that the intensity of the 900 cm™' band passes
through a maximum for melt compositions near DM
58. The intensity of the 870 cm™' decreases as a con-
tinuous function of decreasing M/Si. Both bands re-
main polarized in the entire compositional range.

The 870 cm™ band is by far the most intense band
in crystalline orthosilicates (Furukawa et al.,, 1978;
Verweij and Konijnendijk, 1976). Furukawa et al.
(1978), Verweij and Konijnendijk (1976), Verweij
(1979a,b) and Furukawa and White (1980) assigned
this band to symmetric stretch vibrations of non-
bridging oxygen bonds in separate SiO,*" tetrahedra
(symbol: Si~O*"). This assignment is retained here.

DmMmas |
(Ca + Mg)iSi = 193

DM85 |
(Ca + MgySi = 1.80

DM58
{Ca + MgySi = 150

Onad
|Ca «

Moirsi = 1.32

DM25
{Ca + Mg)ySi = 119

D
1Ca + MaiS = 1.00

5070
(Ga + Mg)iSt = 082

S0a0
{Ca + Mg)Sy = 067

1 I | | L | | | | |
300 400 500 600 700 800 900 1000 1100 1200
Wavenumber, cm-1

Fig. 10. Raman spectra of quenched melis on the join CaO-
MgO-8iO, (Ca/Mg = 1) at | atm and 1650°C. M, D, C, S: band
positions of symmetric stretch bands derived from vibrations in
structural units with NBO/Si = 4, 3, 2, and 1, respectively.
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Table 5. Raman data of quenched melts on the join CaO-MgO-SiO, (Ca/Mg = 1) at 1 atm and 1650°C
Composition Wavenumber, cm'l
DM95 380w,p(bd) 530m,p(bd) 700w,p = 848s,p 903m,p 977mw,p =
DM85 380w,p(bd) 527m,p(bd) 700w,p - 847s,p 903m,p 978m, P -
DM58 343w,p(bd) 513m,p(bd) 686w,p - 860s,p 910s,p 973m,p -
DM40 340w, p(bd) 500m,p(bd) 660m,p = 863s,p 908m,p 973m,p =
DM25 340w, p(bd) - 655m,p - 860s,p 913w,p 973s,p -
DI 340w, p(bd) - 630m,p  770vw(sh) 867m,p - 967s,p 1060m,p
SD70 - - 622s,p 770 ,w 873w,p - 959s,p 1063m,p
SD40 - 500vw, (sh) 610s,p - 873vw - 955s,p 1063m,p
Symbols: vw - very weak, w - weak, mw - medium to weak, m - medium, ms - medium to strong, s - strong
p - polarized, (bd) - broad, (sh) - shoulder.
Uncertainties: Strong to weak bands - + 5 cm 7 Very weak bands - v~ 10 em~l, Shoulders - + 15-20 em1

Compositions are defined in Fig. 10.

The 900 cm ™' band is the major band in crystalline
pyrosilicates (Lazarev, 1972; Sharma and Yoder,
1979). Since its frequency is higher than that of the
symmetric Si-O°~ stretch band (870 cm™), it is polar-
ized, and its frequency coincides with the main band
in crystalline pyrosilicates, this band is interpreted as
due to the presence of dimer structural units in the
melt (Si,057). Its frequency is independent of the
melt composition. We conclude, therefore, that the
NBO/Si of this structural unit does not change with
changing composition of the melt. Further support
for this interpretation is found in the observation that
the maximum intensity of the 900 cm™' band is found
in melts with a stoichiometry close to that of a dimer
(NBO/Si = 3).

The high-frequency envelope (Fig. 10) also con-
tains a band near 970 cm™' (found in all composi-
tions on this join) and one near 1070 cm™' (found in
melt compositions with M/Si equal to or less than
that of metasilicate). Both bands are polarized. The
intensity of the 970 cm™ band increases relative to
the other bands in the high-frequency envelope in
the compositional range between DM 95-Di and de-
creases as the M/Si is decreased further. The in-
tensity of the 1070 cm™' band increases as a function
of decreasing M/Si at M/Si<l. The frequencies of
both bands are independent of M/Si. Note that the
frequency of the band between 600 and 670 cm™' de-
creases from about 650 cm™' in metasilicate melt (M/
Si = 1) to near 600 in SD 40 melt (M/Si = 0.67).

On the basis of frequencies, polarization character-
istics, and analogy with crystalline meta- and di-
silicates (Etchepare, 1972; Furukawa and White,
1980), we conclude that the 970 cm™' band is a sym-

metric “O-Si—O stretch band and the 1070 band is a
symmetric “O-Si-O° stretch band. The associated
deformation bands are those at 650 and 600 cm™', re-
spectively. This conclusion accords with that of Ver-
weij (1979a,b) and Furukawa and White (1980). The
~0-Si-O~ stretch vibration may be derived from
structural units with NBO/Si = 2 (e.g., chain) and
the ~0-Si-Q° from structural units with NBO/Si =1
(e.g., sheet). The exact structural assignments will be
discussed below.

The most important observation made from the
above assignments of the Raman spectra is that there
appears to be a unique set of coexisting anionic struc-
tural units in specific ranges of NBO/Si of the melts.
The proportions of the individual structural units
vary as a function of bulk NBO/Si (M/Si), but the
NBO/Si of each unit does not. In Table 6, the an-
jonic units are defined on the basis of the average
NBO/Si, using the data summarized above in con-
junction with the published data summarized by
Virgo et al. (1980) and Mysen et al. (1980). Several
aspects of these conclusions warrant further com-
ment. In comparison to some models of melt struc-
ture (e.g., Masson, 1977), the model is strikingly
simple. This simplicity should not be surprising,
since when comparing with crystal structures of sili-
cates only a few anionic structures can be found (see
Dent Glasser, 1979, for review). The same structural
units have been found in silicate melts. In silicate
crystal chemistry, the metal cations are considered
important in controlling the type of polymers that
will occur. Polymer theory as applied to silicates
(e.g., Masson, 1977) does not take the metal cations
into account.
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Table 6. Raman frequencies of the stretch vibrations of specific Si-
rich anionic structural units in silicate melts (after Virgo ef al,
1980)

NBO/Si Characteristics of

vibrational mode

Structural unit Frequency

(cm™4)

850-880 Symmetric stretch

900-920 Symmetric stretch
950-980 Symmetric stretch
1050-1100 Symmetric stretch

1060,1190 antisymmetric stretch

Previous models of melt structure include features
such as trimers, tetramers, pentamers, efc., in addi-
tion to rings and branched chains. The experimental
basis for most of these models is from organic chem-
istry. As applied to silicates, the experimental basis
has been chromatographic data derived from tri-
methylsilyl derivatives of the silicates (TMS-deriva-
tives). Limitations and inconsistencies of such data
have been discussed elsewhere (e.g., Masson, 1977;
Kuroda and Kato, 1979) and are not pursued here. It
is merely concluded that structural data of silicate
melts derived from TMS-derivatives are not reliable.

Polymer theory predicts that there is a positive
correlation between the number of silicons in the
polymers and the proportion of various types of poly-
mers and the NBO/Si of the melt. In Raman spectro-
scopic studies, such a correlation would result in a
successive increase of the frequency of Si-O stretch
bands as a function of decreasing NBO/Si (M/Si)
(e.g., Lazarev, 1972; Brawer and White, 1975; Furu-
kawa and White, 1980; see also Table 6). On this
basis it would be expected that if anionic structural
units with degree of polymerization between chains
and dimers were formed in the melts in the various
binary metal oxide-silicate joins, new bands would
occur between 900 and 970 cm™' or bands such as
that at 900 cm™' would shift to higher frequency as a
function of decreasing M/Si of the melt. No such
spectroscopic evidence is present in our data, nor in
any related published data (Brawer and White, 1975,
1977; Furukawa et al., 1978; Verweij, 1979a,b; Ver-
weij and Konijnendijk, 1976; Furukawa and White,
1980; Mysen et al., 1980). We conclude, therefore,
that structural units with NBO/Si between that of a
dimer and that of a chain (3 and 2, respectively) do
not exist in significant amounts in silicate melts.

The structural units with NBO/Si = 2 have been
referred to as a chain. Simple rings have, however,
the same NBO/Si. The idea of ring structures in sili-

cate melts has experimental support in the TMS-de-
rivative work (as summarized by Masson, 1977).
Ring structures have also been suggested in melts on
binary metal oxide-silicate joins on the basis of the
viscous behavior of such melts (e.g., MacKenzie,
1960; Bockris and Reddy, 1970). Spectroscopic evi-
dence relevant to ring structures is scarce. Lazarev
(1972) discussed spectroscopic imprints of ring struc-
tures with up to 6 silicons. In the simple Si,O$™ ring,
there is a strong silicon—oxygen deformation band
near 750 cm™'. No such band exists in the data in
Figure 10 and other relevant data discussed else-
where, and therefore this type of ring probably does
not occur. Larger ring structures show stretch bands
slightly above 1100 cm™'. On a spectroscopic basis
alone it is not likely, but not impossible, that the 1070
cm~' band could, in fact, be such a band (e.g., S-band
in Fig. 10). Mass-balance considerations require,
however, that in metasilicate melts, for example, the
existence of structural units with NBO/Si = 4 and 2
also requires the existence of structural units with
NBO/Si < 2. Careful analysis by, in particular, Ver-
welj (1979a,b) and Furukawa and White (1980) re-
sulted in the conclusion that the band between 1070
and 1100 in their melts (Na,0-SiO, join) was due to
a band with NBO/Si = 1. Inasmuch as this band also
exists in alkaline-earth metasilicates, it is attractive to
assign this band to that structural unit. One might
suggest, however, that the ~O-Si-O° vibrational
mode stems from end units in a linear structure. Such
an interpretation does not provide for structural units
in the melt that would satisfy the mass-balance re-
quirements, and neither would the ring-structure as-
signment. It might also be suggested that the pres-
ence of branched chains or multiple chains could
constitute the structural unit(s) with NBO/Si < 2.
The end result of such branching is, of course, a
sheet. Intuitively, it would be expected that branch-
ing would be continuously increasing as the M/Si of
the melt decreased. If the S-band in Figure 11 were
such a band, for example, one would expect its fre-
quency to increase. It does not. Furthermore, accord-
ing to survey of silicate mineral structures (Dent
Glasser, 1979), branched chains do not exist, presum-
ably for energetical reasons. There is no reason,
therefore, why one would expect such structures in a
melt. Instead, chains and sheets are formed.

An option that does exist to explain the 1070 cm™
band is multiple chains (finite sheet). It cannot be es-
tablished from the Raman data whether the S-band
(Fig. 10) is due to such a finite sheet or due to an in-
finite sheet. The simplest interpretation is an infinite
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Fig. 11. Unpolarized Raman spectra of quenched melts on the
join Na,Si0;-NaFe?*8i,0¢ in air at 1400°C. (A) NS. (B)
NS94Ac6. (C) NS85AclS. (D) NS75Ac25. (E) NS50Ac50. (F)
Acl00. (Kr* ion laser with 200-400 mW power.)

sheet (NBO/Si = 1) and this interpretation is ad-
hered to here. This conclusion is not absolutely cer-
tain, however.

Iron was added to metasilicate melts of Na*(NS),
Ca*™ (Wo), (Ca,Mg)** (Di) and Mg** (En). The Ra-
man spectra of these melts will be discussed first (Fig.
11A, 12; see also Tables 7 and 8). The high-fre-
quency envelopes of these spectra were deconvoluted
into individual bands (Fig. 13), in order to get an im-
pression of the relative intensities of the bands in the
high-frequency envelopes. In the deconvolution pro-
cedure, we assumed that the bands were Gaussian,
were symmetric, and that the background was hori-

zontal. The Gaussian line-shape was derived from se-
lected portions of the high- and low- frequency limbs
of the high-frequency envelopes. Extrapolation of the
Rayleigh tail from frequencies less than 500 cm™,
using exponential functions, to the spectral region of
the high-frequency envelope indicates that the as-
sumption of horizontal background is appropriate.
Finally, bands were only fitted when indicated by the
form of the raw Raman, high-frequency envelope.
With the exception of the broad, weak band near
350 cm™ in quenched Wo melt (Fig. 12), the same
Raman bands are found in all four metasilicate
melts. The spectra consist of a strong, somewhat
asymmetric band in the region between 620 and 650
cm~', a distinct band or shoulder near 870 cm™', a
strong band near 970 cm™' and a shoulder between
1050 and 1100 cm™'. These bands are polarized. All
the bands were discussed under Figure 10 (see also
Tables 5 and 6), and no further discussion is neces-
sary. The additional band near 350 cm™' in quenched
Wo melt was also noted by Brawer and White (1977)
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Fig. 12. Frequency shift of unpolarized Raman bands as a
function of Ac content [(Fe)Si]O° on the join Na,Si0;-NaFeSi,04
at 1400°C in air. (A) (Si, Fe)-0° stretch mode. (B) (Si, Fe)-O~
stretch mode; dashed line denotes inferred extension (see
discussion in text). (C) Mixed (Fe,Si)-O~ and (Fe,Si)-0° stretch
modes (see discussion in text). (D) Mixed (Fe, Si)-O° and (Fe,Si)-
O~ stretch modes (see discussion in text). (E) (Fe,Si)-O~ stretch
mode; dashed line denotes inferred extension (see discussion in
text). (F) Si-O?%~ stretch mode. (G) (Si,Fe)-0° rocking mode.
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Table 7. Vibrational frequencies and band assignments of quenched melts on the join Na,SiO;~NaFe**$i,0; at 1400°C in air

~1
Wavenumber, cm

Composition

NS AEYa il 619,s,p 847 ,w,p 1M (N ) 970,s,p 1070,m(sh),p
NS94Ac6h — i 591,s,p 847 ,w,p . .41 962,s,p 1032,m(sh),p
NS85Acl5 30 3 L oo 577,s,p v 887,m,p 928,m,p 978,m,p 1065,m,p
NS75Ac25 .- 551,m,p 590,s,p 877,m,p 11 940,m,p 1052,m,p
NS50Ac50 480,w,p 540,s,p 605(sh),p 882,m,p - 931,m,p 1053,s,p
NS25Ac75 477,s,p 540,m(sh),p i e 897 ,m,p v g 1047 ,m,p
Acl00 451,s,p 541,m(sh),p 925,s,p .. 1047 ,m,p

Symbols: w, weak; m, medium; s, strong; (sh), shoulder; p, polarized.

The uncertainty is 10 cm~l for weak bands, 5-6 cm—1
shoulder add 100% to uncertainty.

for medium bands and 3-4 cm~l for strong bands. For

and is probably due to vibrations within Ca-O poly-
hedra.

The Raman data for metasilicate melts indicate,
therefore, that the anionic structural units are SiO%~
(NBO/Si = 4), Si,0{~ (NBO/Si = 2), and Si,02"
(NBO/Si = 1). Our interpretation suggests, therefore,
that in metasilicate melts the chain units are partially
disproportionated into monomers (SiO3~) and sheets
(8i,0%):

381,08 = 28105~ + 28i,02" nH

Raman spectroscopic measurements have been
carried out on quenched melts on the join Na,SiO,-
NaFe’*S1,0, (NS-Ac) (Table 7) where the Moss-
bauer data indicated that within the detection limit
of the Méssbauer technique all iron was present in
the ferric state. No spectra could be taken on samples
with ferrous iron because of oxidation of Fe** to Fe**
due to surface heating by the laser, photo-oxidation,
or both. Consequently, Raman data for iron-bearing
alkaline-earth metasilicate melts could not be ac-
quired.

The Raman spectrum of acmite melt formed in air
and quenched from 1400°C is shown in Figure 11
and band assignments are shown in Table 7. The
spectrum consists of four bands. The strongest band
is at 925 cm™' and a weaker one is at 1047 cm™'. In
addition, there is a shoulder near 540 cm™' and an-
other one near 450 cm™.

The results of Mossbauer (Table 1), EXAFS, and

Table 8. Vibrational frequencies and band assignments of melts
on the join CaSiO;-MgSiO,

Composition Wavenumber, em~1

CaSiOj 637,s,p 979,s,p 981,s,p 1070,s(sh),p
CaMgSip0g 640,s,p 877,m(sh),p 980,s,p 1070,s(sh),p
MgSi0sg 640,s,p 882,m(sh),p 975,s,p 1058, m(sh),p

Symbols and uncertainty as in Table 5.

radial distribution analysis (Brown et al., 1978) have
shown that Fe** is in tetrahedral coordination in
melts of NaFe’*Si,0, composition when quenched in
air. This conclusion implies that in the absence of
Fe’* quenched Ac melt has a three-dimensional net-
work structure. In compositions analogous to those
on the joins NaA10,-Si0,, CaAl,0,-Si0,, NaFeO,-
Si0,, and NaGaO,-5i0, (Virgo et al., 1979), it was
shown that at least two high-frequency (Si,Al)-O°,
(Si,Fe)-0° and (Si,Ga)-O° stretch bands occur.
Their frequencies and intensities shift systematically
with Si/(Si + T), where T = Al, Fe, or Ga. In light of
these observations, we suggest that the two high-fre-
quency bands in quenched Ac melt are due to anti-
symmetric (Si,Fe)-O° and (Fe,Si)-O° stretching.”

In addition to the two characteristic high-fre-
quency bands, a distinct shoulder occurs near 450
cm™'. This shoulder is probably an (Si,Fe)-O° rock-
ing mode. The band characteristically occurs in the
spectral region between 450 and 500 cm™ in all
three-dimensional melts in the system Na,O-CaO-
Ga,0,-AL0,-Si0, (Bates et al., 1974; Virgo et al.,
1979).

The Raman spectra of quenched melts of composi-
tions on the join Na,SiO;—NaFe**Si,0, are also
shown in Figure 11, and the band assignments are
given in Table 7. The frequency shifts of the impor-
tant bands as a function of bulk composition of the
quenched melt are shown in Figure 14.

Mixing of Na,SiO; and NaFe’*Si,0, components
constitutes combining a three-dimensional network
unit with characteristic bands at 1047, 925, 540, and
451 cm™' and a less polymerized melt that consists of

2The notations (Si,Fe)-0° and (Fe,Si)-0° respectively, imply
Si-rich and Fe-rich (Si,Fe)-O—(Si,Fe) stretch vibrations. The anal-
ogous rotations for nonbridging oxygen bands are (Si,Fe)-O~ and
(Fe,S1)-0™.



880

Wo (A.t

En

L i I L 1 L L

500 1000

Frequency, cm1

Fig. 13. Unpolarized Raman spectra of quenched (1585°C)
melts on the join CaSi0;-MgSiO;. Wo, CaSiO;; Di, CaMgSi,Og;
En, MgSiOs. (Al* ion laser with 200400 mW power.)

monomer, chain, and sheet units with characteristic
bands at 1070, 970, 850, and 618 cm™' (Fig. 11, Table
7). Addition of 25 mole percent NS component to Ac
results in resolved bands at 1047, 897, 540, and 477
cm™'. The band at 897 cm™' is asymmetric and much
broader than the 925 cm™' band in quenched Ac
melt. The asymmetry of this band may indicate that
it, in fact, consists of two unresolved bands. One
band may be the 925 cmm™' band of quenched Ac melt
[(Fe,S1)-O° stretch]. The other band is new and oc-
curs at a wave number between 800 and 900 cm™'. If
this interpretation of the asymmetric 897 cm™" band
is correct, this latter band may be due to nonbridging
oxygen in the melt and could be either an ~O-
(Fe,S1)-0° or an ~O-(Fe,Si)-O~ stretch vibration.
The 1047 cm™ band in NS25Ac75 is more intense
relative to the rest of the high-frequency envelope
than in quenched Ac melt. Inasmuch as the propor-
tion of Ac component is decreased in NS25Ac75 melt
relative to that of pure Ac composition, probably the
1047 cm™ band in quenched NS25Ac75 melt either
reflects a new vibrational mode or is a combination
of two modes. In the latter case, one mode may be
the (Si,Fe)-O° stretch vibration of Ac melt and the
other vibration may reflect a nonbridging oxygen.
We suggest that the increased intensity of the 1047
cm™' band is due to “O-(Si,Fe)-0O° stretching. Its fre-
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quency is lower than that for pure NS quenched melt
(Fig. 14) because of (Si,Fe) coupling. As a result of
this band assignment, it must be concluded that the
unresolved low-frequency component of the 894
cm~' band is a highly coupled ~O-(Fe,Si)-O" stretch
vibration. In conclusion, quenched melt of
NS25Ac75 composition consists of a combination of
structural units with NBO/T (where T = Si + Fe) =
0, 1, and 2.

In quenched NS50Ac50 melt, the two low-fre-
quency bands suggested for NS25Ac75 melt (as a re-
sult of the asymmetric 897 cm™' band) are partially
resolved (Fig. 11). One band is found at 882 cm™
and the other near 930 cm™'. In this melt composi-
tion, the 1047 cm™ band is shifted to 1053 cm™', and
its intensity relative to the rest of the high-frequency
envelope has increased further compared with that of
quenched NS25Ac75 melt. The intensity increase is a
result of more sheet units in the more NS-rich
quenched melt. The location of the 882 cm™' band in
the spectrum is probably still somewhat influenced
by the weakened (Fe,Si)-O° stretch vibration at 925
cm~'. The shoulder on this band also indicates the
presence of a second band near 930 cm™'. This band
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Fig. 14. High-frequency envelope of Raman spectra of
quenched metasilicate melts with Gaussian curves fitted inside the
envelope to match positions and total area of high-frequency
envelope.
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could be the (Fe,Si)-O° stretch vibration with a
slightly lowered Fe content. Alternatively, it could be
another band that has appeared. If the latter sugges-
tion is correct the frequency of this band might shift
to a higher wave number as the NS content of the
quenched melt is increased, as indicated by the data
in Figure 14. This feature will be discussed below. A
shoulder occurs near 600 cm™" in quenched melt of
NS50Ac50 composition. Its frequency is near the 620
cm™' band, corresponding to the deformation mode
of pure metasilicate melt (Figs. 11 and 12), and may
be due to a similar vibration. In conclusion,
quenched melt of NS50Ac50 composition consists of
the same structural units as quenched NS25Ac75
melt (3D: NBO/T = 0, sheet: NBO/T = 1 and chain:
NBO/T = 2). The chain and sheet units are more
pronounced and the 3D unit less pronounced in this
melt than in quenched melt of NS25A¢75 composi-
tion, as would also be expected because of the higher
NS content of this quenched melt.

The high-frequency envelope of quenched
NS75Ac25 melt shows the same bands as quenched
NS50Ac50 melt except that their frequencies and in-
tensities are slightly different (Figs. 11 and 14). The
highest frequency band (1052 cm™) is at the same
position as in quenched NS50Ac50 melt, but it has
become more intense (Fig. 11). The 931 cm™ band in
quenched NS50Ac50 melt has shifted to 940 cm™'
and is now clearly resolved. We suggest that this
band is a combination of the 925 cm™ band of
(Fe,Si)-0° stretching and a new band at higher fre-
quency, which probably is the 970 cm™' band found
in pure NS melt, a band assigned to ~0-Si-O~
stretching. The higher frequency of this band com-
pared with the “O—(Fe,Si)-O~ stretch band below
900 cm™' indicates much less extensive (Fe,Si) cou-
pling. With the exception of this conclusion, the band
assignments of the high-frequency envelope of the
Raman spectrum of quenched NS75Ac25 melt are
the same as for quenched NS50Ac50 melt. The
greater intensities of the bands assigned to depolyme-
rized units are due to the greater proportion of NS
component in this quenched melt. In fact, except for
the above discussion concerning the 925 cm ' band,
no clear evidence exists for the presence of a 3D unit
in quenched melt of NS75A¢25 composition.

In quenched melt of NS85AclS composition the
band at 940 cm™ in NS75Ac25 occurs at 978 cm™'
and is clearly resolved. We conclude, therefore, that
the band that first occurs at 931 cm™ in NS50Ac50
composition now is at 978 cm™'. It is not clear
whether this evolution is a result of diminished inter-

ference from the 925 cm™' band as the Ac content de-
creases and increased intensity as the NS content in-
creases, or a result of diminished (Si,Fe) coupling of
this vibration as the Fe content of the quenched
melts decreases. Note, however, that the other band
assigned to ~O—(Si,Fe)-O~ stretch vibration (880
cm™') does not change its frequency significantly as a
function of Ac content of the melt; only its intensity
decreases. We suggest that the same behavior takes
place for the 970 cm™' band. Its frequency remains
constant as the bulk composition changes, but the in-
tensity increases at the expense of the more (Si,Fe)-
coupled vibrations.

The diminished influence of Fe on the band fre-
quencies of quenched NS85Acl5 melt is also in-
dicated by the increased frequency of the 1050 cm™
band, now found at 1065 cm~'. The 1065 cm™' fre-
quency is nearly the same as for pure NS melt (Fig.
11, Table 7). This band is probably due to “O-Si-Q°
stretching with insignificant (Si,Fe) coupling.

The spectrum of quenched NS94Ac6 melt closely
resembles that of quenched melt of NS100 composi-
tion (Fig. 11) and differs substantially from the
spectra of more Fe-rich compositions. The same
bands are observed in the spectra of quenched
NS100 and NS94Ac6 melts, although there are sys-
tematic frequency shifts (Fig. 14). The 1070 cm™
band in pure NS occurs at 1032 cm™', and the strong
band at 970 cm™' is found at 962 cm™'. The weak
band at 847 cm™' in quenched NS melt is at 847 cm™
in NS94Ac6 melt as well. The 619 cm™' band in pure
NS melt is at slightly lower frequency in NS94Ac6
melt, probably reflecting a slightly higher degree of
polymerization (Brawer, 1975). The 1032 cm™' band
in quenched NS94Ac6 melt is assigned to ~O-
(S1,Fe)-0° stretching (sheet), and the 962 cm™ band
to ~O-(Si,Fe)-O~ stretching (chain). The 847 cm™
band reflects the presence of isolated SiOj™ tetra-
hedra in the quenched melt. There is no evidence for
additional Raman bands that may be ascribed to iso-
lated NaFeQj;~ tetrahedra. The intensity of the 1032
cm™' band relative to that at 962 cm™' is greater than
the intensity ratio of the analogous bands in pure
quenched NS melt. We conclude, therefore, that
even though monomers, chains, and sheets are present
in both quenched melts, the proportion of sheet units
is greater in NS94Ac6 quenched melt than in NS
melt.

In summary, mixing of Na,SiO, (NS) and
NaFe**S1,0, (Ac) components results in a melt that
to a first approximation resembles mixing of SiO,
and Na,SiO, when the NS melt becomes more po-
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lymerized as the Ac content of the melt is increased.
Ferric iron is distributed among all structural units in
the melts, with the possible exception of isolated tet-
rahedra. The latter structural unit has a limited sta-
bility field, however, as it is not observed in melts
with more than 15 mole % Ac component.

The spectra are also interpreted to indicate that the
stretch vibrations of the various structural units occur
in pairs—one indicates greater Si(Fe)-coupling than
the other. This observation may indicate that both
Fe-rich and Si-rich structural units occur in these
melts.

The anionic structures of these melts differ in the
extent of disproportionation, which can be expressed
with the intensity ratios 1(970)/(I(870) and 1(970)/
I(1070) (Table 9). The larger the extent of dis-
proportionation, the smaller the intensity ratios. Ta-
bles 9 and 10 show that the extent of dis-
proportionation of metasilicate melts increases in the
order NS < En < Di < Wo.

Redox equilibria

Despite the similarity of the anionic silicate units
in metasilicate melts, ferric iron enters tetrahedral
coordination only in the presence of Na*. Metasili-
cate melts of the alkaline earths have ferric iron in
octahedral coordination. In all other alkali silicate
melts investigated so far (Mysen and Virgo, 1978;
Brown et al., 1978: Seifert et al., 1979b), ferric iron
enters tetrahedral coordination, probably as an
NaFeO, complex, in analogy with the NaAlO, com-
plex found in Al-bearing melts (Virgo et al., 1979;
Brawer and White, 1977). It may be inferred, there-
fore, that in alkali-bearing melts, Fe’* and AI** often
play similar structural roles.

Solution of Ac-component in NS melt in air (no
detectable ferrous iron) results in the formation of
structural units with NBO/Fe’* = 1 and 2 (Fe, 0%
and Fe,Of", respectively), in addition to the struc-
tural units expressed with equation 1. As f{O,) is low-
ered below that of air, ferrous iron is formed in these
melts. Our data and published information (Mao et
al., 1973; Bell and Mao, 1974; Boon and Fyfe, 1972;

Table 9. Intensity ratios 1(970)/1(870) and 1(970)/1(1070), in
quenched silicate melts

Composition 1(970)/1(870) 1(970)/1(1070)
MgSi03 3.95 3.53
CaSi03 2.69 1.77
CaMgSin0¢ 3.57 2.53
Na2Si03 8r 17 5.15
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Table 10. Percentage change of 1(970)/1(870) and 1(970)/1(1070)
of quenched melts on the join CaSiO;-MgSiO; relative to
quenched melt of Na,SiO; composition

Composition 1(970)/1(870) I1(970)/1(1070)

-65
-51
=31

-67
-56
=52

CaSiO3
CaMgSiy0g
Mg8i03

Mysen and Virgo, 1978) indicate that Fe*" is a net-
work modifier. The redox equilibrium involving fer-
ric iron in tetrahedral coordination and ferrous iron
in octahedral coordination may be expressed with the
equation:

4Fe(IV)0; + 360-(NBO)= 4Fe(V)O™ + O, (2)

The nonbridging oxygen (NBO) required to form the
octahedral ferrous ion complex, FeO{’", may be de-
rived from the anionic silicate structural units. Equa-
tion 1 may be combined with equation 2, therefore,
in order to describe the interaction between redox
equilibria of iron and the anionic structure of silicate
melts:

728i,0% + 4Fe(IV)0;5 =

545i,02" + 36Si0% + 4Fe(VDOX~ + 0,  (3)

The Fe**/ZFe of such melts depends, therefore, not
only on f{0O,), but also on the NBO/T of the melt, a
conclusion also made by Lauer (1977) and Lauer and
Morris (1977).

We concluded above, on the basis of the isomer
shifts of ferric iron, that Fe** will not be a network
former in melts where there is only alkaline-earth
metal network modifier for local charge balance. The
redox equilibria of network modifiers in such melts
do, however, also depend on the anionic structure of
the silicate melts, as also shown by Lauer and Morris
(1977). Those authors concluded, for example, that
the redox equilibrium for a network-modifying cat-
ion shifts to a more reduced state as the size of the
network-modifying cations in the melt decreases.
This conclusion accords with our observation for iron
oxides in melts on the join MgSiO,-CaSiO, (Fig. 8),
where the Fe’*/ZFe decreases as Ca/(Ca + Mg) de-
creases. Lauer and Morris (1977) expressed such
relationships with a ®-function that could be deter-
mined experimentally without further consideration
for the structure of the silicate melts. We may discuss
this dependence in terms of the disproportionation of
anionic polymers such as shown in equation 1. Ac-
cording to the results summarized in Table 8, equa-
tion 1 shifts to the left as Ca/(Ca + Mg) of the melt
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decreases. Whether this is because both the monomer
and the sheet unit are affected by the decreasing size
of the cation or only one of these units are affected
cannot be ascertained from our data. Dent Glasser
(1979) noted, however, that in silicate minerals the
stability of highly polymerized silicate polymers is
lowered as the network modifier becomes smaller. It
is tempting to suggest, therefore, that similar rela-
tionships may apply to melts.

The redox equilibrium in alkaline-earth metasili-
cates can be expressed by combining equation 1 with
one that describes the redox equilibrium of iron
oxides as network modifiers.

2Fe(VDO?i~ + 207 (NBO) < 2Fe(VHOY + O, 6]
to give:
88,0 + 4Fe(VI)0OI s

48105~ + 6Si,0 + 4Fe(VDOY™ + O, 5)
Equation 5 shows that as the degree of proportion-
ation of the metasilicate chains increases at constant
f(0,), Fe’*/ZFe will increase.

The equilibrium constants from equations 3 and 5
are:

K, = C[Fe(VD)O:* /Fe(IV)O;](0,) (6)
and
K; = C[Fe(V)OL*/Fe(VDOI 1'A0,) %)
where
C = [(51,057)*(81027)*)/81,0¢")* ®)

Equations 6 and 7 demonstrate that the redox ratio
of iron is much less sensitive to the extent of dis-
proportionation when ferric iron is a network modi-
fier than when it is a network former.

The value of C (eq. 8) for a given alkali metal or
alkaline earth increases with increasing temperature
and with decreasing pressure (Mysen et al., 1980).
Consequently, at constant f{0,), Fe**/SFe will in-
crease with increasing temperature and will decrease
with increasing pressure. The pressure and temper-
ature dependence of the redox ratio is more pro-
nounced in melts with ferric iron as a network former
than in melts with ferric iron as a network modifier.
The f{O,) dependence of Fe**/ZFe is the same re-
gardless of whether ferric iron is an network former
or a network modifier.

Petrological applications

The above summary shows that changes of exten-
sive and intensive variables affect physical and chemi-

cal properties of iron-bearing, rock-forming silicate
melts because of the complex structural role of iron
in the melts. Acidic melts such as andesite, dacite,
and granite (thyolite) will have a large excess of M*
over M** melt modifiers. As a result, variations of re-
dox ratios of iron will alter the degree of polymeriza-
tion of the melt and therefore the viscosity and cation
diffusion coefficients. It is expected, for example, that
increasing f{0,) will result in increasing viscosity of
the melt. Cation diffusion coefficients in silica-rich,
iron-bearing melt will most likely decrease with in-
creasing oxygen fugacity. Notably, the experimental
data (Seifert et al., 1979b) indicate that the activity
coefficients of the Fe** and Fe** complexes do not
change with oxygen fugacity. As a result, partition
coeflicients of ferrous and ferric iron between acidic
melts and minerals in equilibrium with the melt will
not be affected by the oxygen fugacity.

Physical properties of basaltic melts will be af-
fected less by changing redox ration of iron than sil-
ica-rich melts because alteration of redox states re-
sults in smaller changes of NBO/BO. It is notable,
however, that as a result of fractional crystallization
of a basaltic melt to more silicic compositions, the
physical properties of the magma will gradually
change as the influence of redox ratios of iron on the
degree of polymerization of the melt increases with
increasing M*/M**.
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Abstract

Determinations of carbon dioxide solubility in melts of CaMgSi,Os and NaCaAlSi,O,
composition at high pressure and temperature have been combined with Raman spectro-
scopic measurements of quenched melts to determine the structural role of CO, in silicate
melts.

Carbon dioxide solubility increases with increasing temperature under isobaric conditions
between 1450° and 1700°C and decreases as a function of increasing temperature below
1450° and above 1700°C. We suggest that these contrasting temperature dependences are a
result of similar contrasting behavior of the fugacity of CO,.

Carbon dioxide dissolves in silicate melts predominantly as CO?~. This anion is most likely
closely associated with one or more network-modifying cations. In the present melts we sug-
gest that (CaCO,)° complexes are formed.

The CO, contents of the quenched melts are systematically correlated with structural
changes of the network of the melts. The anionic structure of alkaline earth metasilicate melts
is predominantly a combination of structural units that, on the average, have 4, 2, and 1 non-
bridging oxygens per silicon (NBO/Si). These structures are referred to as monomers, chains,
and sheets. The formation of carbonate is associated with a lowering of the proportion of
monomers in the melt and an increase of the proportions of chain and sheet units.

The principles of CO, solubility mechanisms derived from melt of CaMgSi,0s composition
also apply to melt of NaCaAlSi,O, composition. The solubility mechanisms in the two types
of melts differ in detail, however, as the latter melt contains a large proportion of aluminum
in tetrahedral coordination, which combined with the silicon results in a higher degree of po-
lymerization of the melt. The NaCaAlSi,O, melt consists of structural units that, on the aver-
age have 2, 1, and 0 nonbridging oxygens per tetrahedrally coordinated cation (NBO/T).
These units are referred to as chains, sheets, and three-dimensional network structures, re-
spectively. When CO, is dissolved in such melt, the three-dimensional network units become
more dominant at the expense of chain units.

We suggest that the NaCaAlSi,O, melt composition is a better model for natural basalt
magma than CaMgSi,O, melt. On the basis of our observations, we conclude, however, that
the predictions of CO, solubility behavior in natural basalt melt based on studies with binary
silicate systems provide an accurate basis for understanding the role of CO, in silicate melts.

Introduction
The presence of CO, during the formation and
evolution of igneous rocks is well documented. Car-
bon dioxide is one of the major components of vol-
canic gases (Gerlach and Nordlie, 1975). It is also a
major volatile component in glass and fluid in-
clusions in phenocrysts in basalts (Roedder, 1965;
Green, 1972; Delaney et al., 1978). Its presence in the
upper mantle during partial melting is documented
(McGetchin and Besancon, 1973; see also Irving and

Wyllie, 1975, for review of data).

0003-004X/80/0910-0885$02.00

Phase-equilibrium measurements on CO,-bearing
systems relevant to igneous processes in the upper
mantle have shown that the presence of CO, results
in enhanced stability of more polymerized minerals
relative to those observed in the absence of CO,
(Eggler, 1975; Huang and Wyllie, 1976; Eggler and
Rosenhauer, 1978; Eggler et al., 1979). As a result,
partial melts of peridotite + CO, are more basic than
those formed by partial melting of CO,-free perido-
tite (Wendlandt and Mysen, 1978).

On the basis of the data summarized above and in-
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frared measurements of quenched, CO,-saturated sil-
icate melts (Mysen et al., 1976; Brey and Green,
1976; Eggler et al., 1979), it has been suggested that
CO, is dissolved in silicate melts primarily as CO;3™.
It has also been suggested that the silicate melt be-
comes more polymerized as a result of the formation
of this carbonate anion. The effect on the melt struc-
ture of solution of CO, has not, however, been deter-
mined. In order to determine the structural role of
CO, in rock-forming silicate melts under conditions
relevant to magma formation and evolution, Raman
spectroscopy of silicate melts with and without CO,
has been used in conjunction with solubility determi-
nations on selected melt compositions.

Starting materials

Two melt compositions were chosen for CO, solu-
bility studies (compositions: CaMgSi,O,—Di melt,
and NaCaAlSi,0,—Sm melt). In addition, six CO,-
free compositions on the join Ca,Si0,~-SiO, were
studied in order to substantiate the band assignments
in the CO,-bearing samples. This join was chosen be-
cause of its chemical simplicity; only Si** is in tet-
rahedral coordination. The overall ratio of non-
bridging oxygens to tetrahedral cation (NBO/T) is a
simple function, therefore, of the Ca/Si (atomic) ra-
tio. Furthermore, there are other published data on
melt compositions where Ca® is substituted with
other alkaline earth and alkali metal cations.

For the CO, solubility studies, Di melt was used, in
part because of the significant amount of available
experimental data on Di-bearing systems and also
because no amphoteric oxides exist in Di melt. A di-
rect correlation between dissolved carbonate anions
and their influence on the Si-O network may result.
Sm melt was chosen because of the presence of a
large proportion of aluminum, which may act as both
a network former and a network modifier. In vola-
tile-free Sm melt, all Al is probably a part of the sili-
cate network where Al exist as (CaAl,0,)° or as
(NaAlO,)° complexes (Virgo et al., 1979). The possi-
bility exists, therefore, that with the formation of
CO3 anions as CaCO; or Na,CO, a portion of the
aluminate complexes may dissociate, as some of the
modifying cations in the aluminate complexes are
needed to form carbonate complexes. As a result of
this mechanism, some Al may no longer be in the
network, and the melt must depolymerize because of
dissolved CO,.

Experimental technique

The starting materials were mixtures of Johnson—
Matthey spectroscopically pure SiO,, ALQO;, MgO,
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and CaCO,, and reagent grade Na,CO,. All high-
pressure experiments were conducted in solid-media,
high-pressure apparatus (Boyd and England, 1960)
using sealed Pt containers of 3 mm O.D. in a furnace
assembly of 0.5” diameter. Inasmuch as the furnace
parts must be kept dry to avoid formation of H, with
the resultant formation of reduced carbon species in
the experimental charges (Eggler et al, 1974), the
furnace parts were dried thoroughly prior to each ex-
periment.

All experiments were carred out with the piston-
out technique and with no pressure correction for
friction (Boyd and England, 1963). The uncertainty
of the pressure is about +1 kbar. Thermocouples
were Pt-Pt90Rh10 with no correction on the elec-
tromotive force for pressure. The uncertainty of the
temperature due to this simplification is 6°~10°C, de-
pending on the temperature (Mao et al., 1971).
Quenching rates were of the order of 250°C/sec.

Selected high-pressure experiments had run dura-
tions up to 1 hour at 1700°C. The thermocouple drift
at such high temperatures depends, to a large extent,
on the purity of the alumina thermocouple insulators
(Mao et al., 1971; Presnall et al., 1973). In the present
studies, McDanel grade 998 alumina was used in all
experiments. With this high-purity alumina, the
thermocouple drift is about 10° per hour at 1700°C.
Inasmuch as the uncertainty of the temperature is al-
ready about 10°C due to the largely unknown influ-
ence of pressure of the emf, no further refinement of
the temperature monitoring system was carried out.

High-pressure experiments of CO,-free melts of Di
and Sm composition were carried out with glass
starting materials. The run durations were the same
as for the CO,-bearing samples at the same temper-
ature and pressure. The one-atm glasses were
quenched after 30 minutes at 1500°C. All samples
were contained in Pt capsules (sealed).

The six melt compositions on the join Ca,SiO,-
SiO, were prepared at 1650°C in a vertical quench
furnace with molybdenum disilicide heating ele-
ments. In order to avoid contamination of the sam-
ples by conventional quenching in water or mercury,
the samples were quenched in a Pt crucible standing
in liquid nitrogen. The quenching rate with this tech-
nique is on the order of 500°/sec over the first
1000°C.

The CO, contents of the quenched melts were
measured with beta-track mapping (Mysen and
Seitz, 1975), using carbon-14 as source of the beta ac-
tivity. This activity was recorded on K-5 nuclear
emulsions supplied by Ilford Co., England. The stan-
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dard was synthetic calcite. The reliability of this
method has been tested against determinations by
several other techniques (e.g., Kadik and Eggler,
1975; Mysen et al., 1976; Eggler et al., 1979) and is
reliable to within less than 5% of the CO, content of
the sample.

The Raman spectra were taken on small chips of
quenched bubble-free melt (about 0.5-1.0 mm
cubes). The spectra were recorded with a Jobin-Yvon
optical system, holographic grating, double mono-
chromator (HG25), and a photon-counting detection
system. The spectra were recorded at 3 cm™'/sec. The
samples were excited with the 488.0 mn line of an
Ar” laser, using a laser power of 200-400 mW at the
sample with 90° scattering geometry. Polarized
spectra were obtained with the focused exciting beam
parallel to the horizontal spectrometer slit and with
the electric vector of the exciting radiation in a verti-
cal orientation. A sheet of polarizer disk in front of
an optical scrambler was used to record separately
the parallel and perpendicular components of the
scattered radiation.

As a matter of routine, replicate spectra from the
same chips, from different chips of the same experi-
mental run product, and from duplicate experiments
were also taken.

Equilibrium considerations

The experiments were routinely conducted with a
finely ground oxide + carbonate mixture (1 um grain
size). The carbonate was the source of CO,. Mysen et
al. (1976) conducted solubility measurements at fixed
pressure and temperature but with run durations
varying from 1 to 60 min. They found that in a vis-
cous melt such as that of NaAlSi,O, composition, less
than 5 min was needed to reach equilibrium CO,
concentrations at 1450°C and 20 kbar. Longer run
durations did not affect the results. In the present
study experiments of 5 min or longer were always
used. In addition, reversal experiments at 20 kbar
and 1685°C were carried out. These conditions were
chosen because the forward experiments indicated
that melts quenched from this temperature and pres-
sure contained the largest amount of CO,. In the re-
versal experiments the sample was first subjected to
10 kbar and 1650°C for 10 min, where the forward
experiments indicated that the solubility was less
than 50 percent of that at 20 kbar and 1685°C. The
conditions were then changed to 20 kbar and
1685°C. About 60 min under these conditions was
needed to reach the same CO, concentrations as in
the initial experiment. Shorter run durations resulted
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in heterogeneous charges. The much longer run
lengths needed to achieve equilibrium in the reversal
experiments can be understood by considering the
diffusion distances of CO, in the two types of experi-
ment. During a forward experiment, CO, needs to
move only a few micrometers to become thoroughly
mixed with the oxide components because of the
fine-grained, thoroughly mixed nature of the starting
material. The CO, that does not dissolve in the melt
enters a separate vapor phase. During a reversal ex-
periments some of the CO, that initally entered the
vapor phase must redissolve in the melt and move
perhaps several hundred micrometers into the lig-
uids, thus requiring longer time for equilibration.

This agreement between the forward and reversal
experiments indicates that the run durations used for
the routine experiments were sufficient to attain equi-
librium CO, contents of the melts.

Results

CO, solubility

The carbon dioxide solubilities in the melts and
other experimental details are shown in Table 1. The
reversal experiment is marked with an asterisk. Car-
bon dioxide contents of quenched melts of Di com-
position as a function of temperature and pressure
are shown in Figure 1. The solubilities agree with
those of Mysen et al. (1976) in the pressure and tem-
perature ranges also studied by them. Whereas
Mysen et al. (1976) suggested essentially no temper-
ature dependence of the solubility at 10 kbar, the
present data may indicate a very slight decrease in
CO, content with increasing temperature above
1600°C at this pressure. At 20 kbar the CO, solubil-
ity in Di melt increases rapidly from 1580° to about

Table 1. Run data

Sample Composition Pressure, Temp., Run Dura- Wt % CO2
No, kbar <@l tion, min

997 Di + CO, 10 1550 10 1. 55) #1002
1014 Di + CO, 10 1600 10 2.00 + 0.06
995 Di + €O, 10 1650 10 1.95 + 0.05
1018 Di + €O, 10 1725 5 1,851 # (0507
1036 Di + €O, 20 1580 15 Sal, & 0el
1000 Di + COy 20 1650 5 3.38 + 0.08
1023 Di + CO, 20 1685 5 4.8 + 0.2
1002 Di + CO, 20 1725 5 2.71 = 0.09
1004 Di + COy 25 1725 5 3.6 0.1
1039%* Di + CO, 20 1685 60 5L0l #0552
1056 Sm + COy 10 1275 60 Sy 310,22
1073 sSm + €O,y 10 1460 15 B9 & [0
1074 Sm + €O, 10 1550 10 3.8 + 0.1
1062 Sm + €Oy 20 1325 30 4.9 + 0.2
1068 Sm + €O, 20 1460 15 4.4 + 0.2
1072 Sm + €O, 20 1550 10 5.9 # 0.3

1

*Reversal.
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Fig. 1. Carbon dioxide solubility in Di melt as a function of
temperature and pressure.

1700°C. As the temperature is raised further, the CO,
content of the melt is lowered. There is therefore a
maximum of the CO,-solubility curve for Di melt at
20 kbar. The CO, solubility at 1685°C and 20 kbar
was confirmed by replicate experiments, time studies,
and reversal experiments. This maximum CO, solu-
bility was not observed by Mysen et al. (1976) be-
cause they did not extend their experiments to suffi-
ciently high temperatures. Holloway et al. (1976)
found, however, that CO, solubilities in melts on the
join Ca,Si0,~Mg,Si0, also reached a maximum and
then decreased as the temperature was raised above
1700°C at 20 kbar, and they suggested a structural
interpretation for this observation. The CO, solubil-
ity in a melt of natural nephelinite composition
(Mysen et al., 1975) also passed through a maximum
near 1700°C at 20 kbar (Mysen and Eggler, unpub-
lished data, 1977).

Inasmuch as the structures of ortho- and metasili-
cate melts differ substantially in the degree of polym-
erization (Brawer and White, 1975; Verweij and Ko-
nijnendijk, 1976; Furukawa et al., 1978), it is not
likely that the hypothesis of Holloway et al. (1976),
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suggesting that the melt must be nearly completely
depolymerized at 1700°C, can be used to explain the
data.

The carbon dioxide solubility in Sm melt displays
a more complex behavior with temperature than is
the case for Di melt (Figs. 1 and 2). At both 10 and
20 kbar the solubility decreases with increasing tem-
perature immediately above the liquidus (above
about 1300°C). At 10 kbar the rate of decrease di-
minishes as the temperature is increased, whereas at
20 kbar the CO, solubility in Sm melt passes through
a minimum with increasing temperature at about
1450°C. At high temperature the CO, solubility in-
creases.

Data on carbon dioxide solubility in silicate melts
at temperatures below 1460°C are scarce. It is not
possible to decide, therefore, whether the unusual
temperature dependence of the solubility in the tem-
perature range below 1450°C in Sm melt is due to
the thermodynamic properties of CO, or to the struc-
tural features of Sm melt in this temperature range.

Mole % COo
5 10 15 20 25 30
1
NaCaAIS|207 + 002
1800 -
[
|
O
° 1500~ -
I}
.
=
o
)
a
£
i 1400+
1300+
1200 L i | i i
0 1 2 3 4 5 6 7

Wt % 002

Fig. 2. Carbon dioxide solubility in Sm melt as a function of
temperature and pressure.
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Raman spectroscopy

In order to provide a framework for Raman spec-
troscopic band assignments, Virgo et al. (1980) ac-
quired spectra of 14 quenched melts on the joins
Ca,Si0,-Si0, and CaMgSiO,-Si0,. These spectra
were also compared with the published data on the
joins Li,0-Si0,, Na,0-Si0,, K,0-S8i0,, Ca0-Si0,,
and PbO-SiO, (Brawer and White, 1975, 1977; Ver-
weij and Konijnendijk, 1976; Verweij, 1979a,b;
Furukawa et al., 1978; Furukawa and White, 1980).
A result of this comparative study was that for all
these compositions, at given metal cation to silicon
ratio, the same Raman bands occur. The spectra dif-
fer somewhat in resolution, however, presumably be-
cause of variations in local disorder (Brawer, 1975).

The spectra with the best resolution of important
stretch bands are found on the join Ca,Si0,-SiO,
(Fig. 3; see also Table 2). The dominant feature of
each spectrum is the intense, slightly asymmetric
band in the region 610-673 cm™' combined with an
intense, high-frequency envelope in the region 830-
1060 cm™'. All these bands are strongly polarized.
The Raman spectra on the join CaMgSiO,-SiO, are
similar to those of analogous melts along the join
Ca,Si0,-Si0, (Virgo et al., 1980).

On the basis of comparison with appropriate crys-
talline analogues, and experimental and theoretical
considerations (Lazarev, 1972; Etchepare, 1972; Bra-
wer, 1975; Brawer and White, 1975, 1977; Furukawa
et al., 1978, Furukawa and White, 1980; Verweij,
1979a,b; Sharma et al., 1979; Virgo et al., 1980), we
conclude that the band assignments summarized in
Table 3 represent the best interpretation of the Ra-
man data summarized above and exemplified with
Figure 3 and Table 2.

The most important observation made from the
above assignment of the Raman spectra is that there
is a unique set of coexisting anionic structural units
for specific ranges of the ratio of nonbridging oxygen
to silicon. In Table 3, the anionic units are defined on
the basis of average NBO/Si. There are several as-
pects of these conclusions that warrant further com-
ment. In comparison to other models of melt struc-
ture (e.g., Masson, 1968), the present model is
strikingly simple. This simplicity should not be sur-
prising in view of the fact that when comparing the
crystal structures of silicate minerals, only a few an-
ionic structural arrangements can be found (see Dent
Glasser, 1979, for review).

Previous models of silicate melt structures involve
features such as trimers, tetramers, pentamers efc. in
addition to rings and branched chains. The experi-
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Fig. 3. Unpolarized Raman spectra of quenched melts on the
join Ca,Si0,-Si0,. All samples were quenched from 1650°C at 1
atm pressure after 30 minutes. (Ar* laser, 200400 mW power.)

mental basis for most of those models has been chro-
matographic data derived from trimethylsilyl deriva-
tives of the silicate polymers (TMS derivatives).
When applying that method to glass structural deter-
minations, certain apparent inconsistencies appear.
First, when comparing results from TMS-derivative
studies to structural data derived from Raman spec-
troscopy of the same materials, the results differ
(compare, for example, the results of Lentz, 1964
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Table 2. Raman data on quenched melts in the system Ca,Si04-SiO,

-1
Wavenumber, cm

Composition

WL 50 352m, p 547(Sh) 670s,p 830s,p 900s,p 960s,p

WL 25 350s,p 547(Sh) 647s,p 853s,p 927m,p 970s,p

Wo 345m,p(bd) ooc 620s,p 867s,p o 962s,p 1050m,p
SW 70 343w(bd) 613s,p 869w, p 963s,p 1051s,p
SW 40 341w(bd) 586s,p 863vw 957s,p 1055s,p
Ca51205 355m(bd) 593s,p 861vw 958s,p 1057s,p
symbols: WL 50, Ca/Si = 1.40; WL 25, Ca/Si = 1.18; Wo, Ca/S$i = 1.00; SW 70, Ca/Si = 0.82; SW 40, Ca/Si = 0.67

casi 0., Ca/Si = 0.50.

25
vw, very weak; w, weak; m, medium; s, strong;
Uncertainty on each measurement is about + 5 em™1
is near 15 cm™l.

(bd), broad;

All ratios are atomic ratios.

(Sh) , shoulder; p, polarized
except for (Sh) where the uncertainty

with Brawer and White, 1975 for the system Na,O-
Si0,, and the data of Smart and Glasser, 1979 with
those of Furukawa et al., 1978 for the system PbO-
Si0,). Second, results obtained with the TMS deriva-
tives are internally inconsistent. For compositions
Pb,Si0, and Na,SiO,, the melts have NBO/Si = 4.
The results from the work with TMS derivatives in-
dicate that NBO/Si is less than 3 (Smart and Glasser,
1979; Lentz, 1964). We suggest that the reason for
this discrepancy is condensation of silicate polymers
taking place during solution of the glasses in acid so-
lutions to form the TMS derivatives.

Another feature of most models of melt structure is
a positive correlation between order and proportion
of silicate polymers and bulk NBO/Si of the melt. In
Raman spectroscopic studies, such an evolution
would result in a successive increase of the frequency
of Si-O stretch bands as the number of Si** cations
in the polymers increases (e.g., Lazarev, 1972; Bra-
wer and White, 1975; Furukawa and White, 1980;
see also Table 3). On this basis it would be expected
that if anionic structural units with degree of polym-
erization between dimers and chains were formed on

the various binary silicate joins indicated above (see
also Fig. 3), new bands would develop or bands such
as that near 900 cm™' (Fig. 3; Table 2) would shift to
higher frequency as the M/Si of the melt decreased.
There is no spectroscopic evidence for such develop-
ments. We conclude, therefore, that structural units
with NBO/Si between that of a dimer and that of a
chain do not exist in significant amounts in silicate
melts.

The structural unit with NBO/Si = 2 has been re-
ferred to as a chain structure. Ring structures have,
however, the same NBO/Si. The idea of the presence
of ring structures in silicate melts has experimental
support in studies of TMS derivatives of silicate
melts (e.g., Masson, 1968). In view of the discussion
above, it is not clear whether such data give an accu-
rate description of the structure of the melt itself.
Spectroscopic data relevant to the formation of ring
structures are scarce. Lazarev (1972) discussed spec-
troscopic imprints of ring structures with up to 6 sili-
cons. The simple Si,05~ ring has a strong deforma-
tion band near 750 cm™'. No such band occurs in the
spectra discussed here and elsewhere. This type of a

Table 3. Raman frequencies of the stretch vibrations of specific Si-rich anionic units in silicate melts

Structural unit NBO/S1 B Characteristics of
vibrational mode
SiUﬁQ_ 4 850-880 symmetric stretch
Si2 ?i: 3 900-930 symmetric stretch
512 62_ 2 950-970 symmetric stretch
51205 1 1050-1100 symmetric stretch
5i0 0 1065-1200 antisymmetric stretch

Data from Virgo et al. (1980).

See text for further discussion.
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ring probably does not occur in these melts, there-
fore. Larger rings (e.g., Si,01;-Sis0,;") show vibra-
tional bands at or slightly above 1100 cm™* (Lazarev,
1972). On a spectroscopic basis alone it is not likely,
but not impossible, that the S-band indicated in Fig-
ure 3 is such a band, as its frequency is near 1070
cm~'. Furthermore, mass balance considerations in-
dicate that the Raman band in this spectroscopic re-
gion reflects vibrations in structural units with NBO/
Si less than 2. Consider, for example, the spectrum
Wo (CaSiQ,) in Figure 3. The Wo composition has
bulk NBO/Si = 2. The strong 870 cm™' and an even
stronger 970 cm™' band reflect the presence in the
melt of structural units with NBO/Si = 4 and 2, re-
spectively. In order to maintain mass balance of oxy-
gen and silicon, there must be structural units in this
melt that have NBO/Si less than 2. Careful analysis
by in particular Verweij (1979a,b) and Furukawa
and White (1980) and also by Virgo et al. (1980) has
led to the conclusion that the band in the frequency
range between 1070 and 1100 cm™' in the MO-SiO,
and M,0-Si0, melts most likely is a stretch vibration
from a unit that has NBO/Si = 1. One might suggest
that such a vibrational mode could stem from end
units in a linear structure. Such an interpretation
does not, however, provide for structural units that
satisfy the mass balance of the melt. It might also be
suggested that the presence of branched chains or
multiple chains in the melt constitutes the structural
unit(s) with NBO/Si less than 2. The end result of
the evolution of such branching is, of course, an in-
finite sheet. The frequency of the band in question
(denoted S in Fig. 3) does not shift with changes in
M/Si. Its intensity increases with decreasing M/Si,
however. On this basis, we conclude that the NBO/Si
of this structural unit does not vary with changes of
bulk NBO/Si of the melt. The possibility of a
branched chain is considered unlikely for two rea-
sons. First, there is no experimental evidence for the
presence of such structures in silicate melts
(branched chains with NBO/Si less than 2). Second,
according to a survey by Dent Glasser (1979),
branched chains do not occur in minerals. Instead,
chains or sheets are formed. There is no clear reason,
therefore, why one would expect such a structure in a
melt.

A possible explanation for the 1070 cm™' band is
multiple chains. The Raman data do not establish
whether the S-band (Fig. 3) is an infinite sheet or a
finite sheet (multiple chains). In view of the data
summarized above, the structural unit probably has
an average NBO/Si near 1 (infinite sheet), and the

structural units represented by this Si-O stretch band
in the Raman spectra will be referred to as a sheet.

Because the relative integrated intensities of the
bands assigned to the different anionic species may
not be linearly related to NBO/Si, only a general dis-
cussion of their relative abundances in these silicate
melts is possible at this time. We suggest that mono-
mers are the most abundant species in the melts near
the orthosilicate composition and that they become
increasingly unstable with increasing NBO/Si, but
are still present in the CaSi,O, sheet composition. In
contrast, the dimer unit has a restricted range of sta-
bility, with an apparent maximum in its abundance
between the ortho- and metasilicate compositions.
The instability of the dimer species appears to coin-
cide with the appearance of the sheet unit, and with
increasing NBO/Si the sheet and chain species in-
crease in abundance relative to the monomer units.

In view of the above results and mass-balance con-
siderations, we propose that the equilibria relating
the coexisting anionic species are the following dis-
proportionation reactions, which correspond to the
specific ranges of NBO/Si indicated above:

281,0¢" = 2S8i0% + Si,0¢" M

and

381,08 = 2Si05™ + 281,05 )

CaMgSi, 0, + CO,

Raman spectra of volatile-free Di melt at several
temperatures and pressures are shown in Figure 4,
and band assignments are given in Table 4. The
spectra show an overall similarity in that the same
bands occur at all temperatures and pressures. All
bands are polarized.

The spectra of quenched Di melt consist of a broad
envelope between 850 and 1105 cm™', containing at
least three bands. The strongest band is at 970-980
cm~' and does not change frequency appreciably
with changing temperature or pressure. A higher-fre-
quency band of strong intensity occurs as a shoulder
near 1050 cm™'. A third band of intermediate in-
tensity is between 860 and 880 cm™'. This band oc-
curs as a shoulder under all conditions. In addition to
the high-frequency envelope, there is a strong band
near 640 cm™' that shifts to slightly lower frequency
with decreasing temperature. The spectra closely re-
semble that of Wo melt in Figure 3.

Three bands of Gaussian form were fitted inside
the high-frequency envelope of the spectra shown in
Figure 4. Although the presence of more than three
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Fig. 4A. Unpolarized Raman spectra of quenched Di melt at 1
atm and 1550°C (4) and 1400°C (B). (Ar* laser, 200-400 mW
power.)

bands cannot be ruled out, the spectra shown here
(Figs. 3 and 4), as well as data from other relevant
systems discussed or referred to above, indicate that
only three bands are present. When the data were fit-
ted, the maximum of the high-frequency envelope
was initially assumed to coincide with the maximum
of the strongest band, and the lower portion of the
low-frequency limb of the high-frequency envelope
was set to coincide with the low-frequency limb of a
band near 870 cm™' (its presence is indicated by the
shoulder in Fig. 4). The cumulative area of the three
bands thus fitted within the high-frequency envelope
equals the area of the envelope within the statistical
uncertainty of the spectra themselves. The results of
this fitting procedure for quenched Di melts as a
function of pressure and temperature are shown in
Figure 5. The frequencies of all bands are independ-
ent of pressure and temperature. It should be empha-
sized that the existence and frequency of the stretch
bands in the high-frequency envelope are also evi-
dent from the raw Raman data. The curve fitting was
carried out simply in an attempt to get a better im-
pression of the intensity ratios and a more accurate
determination of the frequencies of the individual
bands. Consequently, the structural interpretation of
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Fig. 4B. Unpolarized Raman spectra of quenched Di melt at 10

kbar and 1550°C (4), 10 kbar and 1650°C (B), and 20 kbar and
1685°C (C). (Ar* ion laser, 4880 A line, 200-400 mW power.)

the Raman spectra insofar as the individual struc-
tural units are concerned is not affected by the curve-
fitting procedure. The procedure will, however, give
an impression about how the proportions of the indi-
vidual structural units vary.

The Raman spectra of quenched Di melt indicate,
therefore, that such melts consist of anionic struc-
tural units with an average of 4, 2, and 1 NBO/Si.
The equilibrium between these units may be ex-
pressed with equation 2 above. The proportions of
the units in a quenched melt are related to the rela-
tive intensities of the bands at 870 cm™' (monomer),
970 cm™' (chain), and 1070 cm™ (sheet). As a melt
becomes more disproportioned, the intensity ratios
I1(970)/1(870) and 1(970)/1(1070) will decrease. The
rate of change of these intensity ratios is not linearly
related to molar proportions of the structural units,
however, because the molar scattering coefficients
differ for the different vibrations considered. The in-
tensity ratios are listed in Table 4. These data show
that both intensity ratios decrease with decreasing
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Table 4. Raman spectroscopic data, CaMgSi,O¢ + CO,

Sample Composition P, T, o b -1 1(970) 1(970)
No. kbar  °C sayenunberh) oo 1(870) I(1070)
1007 Di 0.001 1585 632s,p 880m,p 983s,p 1070m,p 3.57 2,53
1006 Di 0.001 1425 633s,p 880m,p(sh) 980s,p 1068m,p(sh) e W = 5.33 5.61
1013 Di 10 1650 629s,p 873m,p(sh) 975s,p 1070m,p(sh) 3.70 2.36
1017 D1 20 1650 629s,p 873m,p(sh) 975s,p 1070m,p 5.63 4.59
1024 Dl 20 1685 636s,p 872m,p(sh) 978s,p 1066m, p 395, 2.66

997 Di + CO 10 1550 630s,p  874m,p 965s,p  1040m,p 1075s,p o o .
1014 Di + COy 10 1600 630s,p 873m,p 970s,p 1035m,p 1075s,p WE aale X e

995 Di + CO, 10 1650 630s,p  874m,p 963s,p  1035m,p 1078s,p L& LE st 3.72 3.29
1000 Di + €Oy 20 1650 628s,p 862m,p(sh) 965s,p 1038w, p 1073s,p was® an el o asd 5.55 5.05
1023 Di + COZ 20 1685 467m,p(sh) 605s,p 863vw,p(sh) 963s,p 1023w, p 1070s,p 1420vw,p 1525vw,p 1730vw,p 17.0 17.0
1002 Di + COy 20 1725 - 624s,p  865m,p 964s,p  1030w,p 1073s,p L . e 4,59 5.39
1004 Di + COy 25 1725 610s,p  879w,p 964s,p  1040w,p 1073s,p PuE Ll s 5e75 3.64

*Band present, but too weak for assignment.

Uncertainty + 5 cm1.

Symbols: s, strong; m, medium; w, weak; vw, very weak;

p, polarized; (sh),

shoulder.

temperature under isobaric conditions and with de-
creasing pressure under isothermal conditions. The
temperature effect is greater at 20 kbar than at 1 atm,
because the percentage change of both intensity ra-
tios is similar between 1425° and 1585°C at 1 atm
and between 1650° and 1685°C at 20 kbar. The pro-
portion of chain relative to monomer and sheet de-
creases by about the same amount between 20 and 10
kbar at 1650°C as between 1650° and 1685°C at 20
kbar for quenched, volatile-free Di melt (Table 4).
Addition of CO, to quenched Di melt results in

new bands at 1080, 1450, 1525, and 1730 cm™' (see
Fig. 6 and Table 4). Furthermore, the 650 cm™ band
has developed an asymmetry toward higher fre-
quency. This asymmetry may be caused by another
unresolved band near 700 cm~'. These bands are
characteristic of the carbonate ion (White, 1974; Ver-
weij et al., 1977), the only difference being two bands
at 1450 and 1525 cm™' rather than one or only a mi-
nor splitting into two. This large band separation (75
cm ') may be due to deformation of the CO3 an-
ionic complex relative to the highly symmetric CO3~
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Fig. 5. Results of fitted lines inside the high-frequency envelope of Raman spectra of quenched Di melt as a function of temperature

and pressure (see text for procedure).
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Fig. 6. Unpolarized Raman spectra of Di + CO, melts at 10
kbar and 1650°C (4), 20 kbar and 1650° (B), 20 kbar and 1685°C
(C), 20 kbar and 1725°C (D), and 25 kbar and 1725°C (E). (Ar*
ion laser, 4880 A line with 200400 mW power.)

found in crystalline CaCO,, for example. There is no
evidence in the Raman spectra to indicate the reason
for such deformation.

The spectra reflecting the silicate anionic network
of CO,-saturated, quenched Di melts resemble those
of CO,-free melts (Figs. 4-6). There are, however,
systematic shifts of frequencies and intensity ratios as
a function of COj~ of the quenched melts.

At 10 kbar the CO, solubility is about 2 wt. percent
(9 mole percent CO3"), with only minor temperature
dependence. The 630 cm™' band (Si-O° bending
characteristic of Si,0{  chains) remains near 630
cm™' at 10 kbar pressure. In the high-frequency enve-

lope three bands near 880, 970, and 1070 cm™' can be
discerned in the raw Raman data (Fig. 6). The 1070
cm~' C-O stretch band occurs at nearly the same fre-
quency as the stretch band indicative of sheet struc-
tural units in the CO,-free melt (Tables 2-4). This is
also the frequency region where antisymmetric
stretch bands from structural units with NBO/Si = 0
are anticipated (Table 3). A three-dimensional array
of SiO, tetrahedra also results in two deformation
bands between 430 and 480 cm™' (e.g., Bates et al,
1974). Such bands do not occur in the present spectra
(Fig. 6; see also Table 4). We conclude, therefore,
that three-dimensional network units do not occur in
Di melt with several wt. percent CO, in solution. In
view of the overall similarity of the Raman spectra
resulting from vibrations in silicate tetrahedral com-
plexes, it seems reasonable to assume that there is an-
other Raman band near (perhaps at the same fre-
quency as) the C-O stretch band at 1070 cm™'.

The data in Figure 6 (see also Tables 1 and 4)
show that as the CO, content of the Di melt in-
creases, the intensity of the band near 870 cm™' de-
creases. Consequently, we conclude that the propor-
tion of monomers in the melt structure decreases
relative to the other structural units as the CO, con-
tent of the melt increases.

As the CO, content of the melt is increased, the
frequency of the band near 650 cm™' shifts toward
600 cm~'. This observation is interpreted to mean
that the proportion of structural units with NBO/Si
less than 2 becomes more important relative to other
structural units as the CO, content of the melt is in-
creased.

NaCaAlSi,0,+CO,

Provided that Al is in tetrahedral coordination in
Sm melt, this melt has the same number of non-
bridging oxygens per tetrahedrally coordinated oxy-
gen as sodium trisilicate melt (Na,Si;0;). According
to available data (e.g., Taylor and Brown, 1979,
Virgo et al., 1979), Al is tetrahedrally coordinated in
silicate melts provided that sufficient metal cations
are present to maintain a local charge of 4+ near the
tetrahedral cation. This requirement will be referred
to as local charge balance.

It has been shown (e.g., Virgo et al., 1979) that tet-
rahedrally coordinated Al in a given structural unit
results in a downward shift of the frequency of the
associated stretch band that is positively correlated
with the Si/(Si + Al) of the structural unit under
consideration. In addition to this effect, such Si(Al)
coupling results in loss of spectroscopic resolution,
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Fig. 7. Unpolarized Raman spectrum of volatile-free Sm melt at 10 kbar and 1275°C. See text for discussion of suggested line-fitting

in the high-frequency envelope. (Ar* laser, 200-400 mW power.)

probably because of increased local disorder. Con-
sequently, the interpretation of the Raman spectra of
Sm melt (19.74 wt. percent AlL,Q,) is difficult. In view
of the similar stoichiometry of Na,Si,;O, and Sm melt
compositions, published Raman spectroscopic results
from the former composition (Furukawa and White,
1979) will be used as an aid in interpreting the Sm
spectra. Furukawa and White (1980), in a careful
analysis of the band assignments in the Raman spec-
trum of Na,Si,O, melt, concluded that the sheet unit
was the major structural unit in the melt. In addition,
there is a band near 950 cm™' which is assigned to a
structural unit with NBO/Si = 2 (chain). From a
mass-balance point of view, quenched melt of
Na,Si,0, composition (NBO/Si = 0.67) must also
contain at least one structural unit with NBO/Si con-
siderably less than 1. Virgo ef al. (1980) found evi-

These frequencies correspond to those found for
three-dimensional structural units. The associated
Si-O stretch band most likely occurs near 1060 cm™".
Its spectroscopic signature is, however, probably ob-
literated by the intense 1100 cm™' band in this com-
position.

The Raman spectrum of Sm melt is shown in Fig-
ure 7 (see also Table 5). The band near 500 cm™ is
near the same frequency as the (Si,Al)-O° rocking
(deformation) band observed in melts with a three-
dimensional network structure on the joins CaALO,-
SiO, and NaAlO,-SiO, (Brawer and White, 1977,
Virgo et al., 1979), and is considered characteristic of
melts with a three-dimensional network unit. The
band near 650 cm™' is assigned to (Si,Al)-~O° bending
and at this frequency is characteristic of a chain unit
(see also above).

- J— .- . . . . .
de~ . “or 1*is unit i the existence of rocking bands The high-frequency envelope is asymmetric and
near 0 ~: _.ad a bending band near 800 cm™'. indicates the presence of at least two bands. This fre-
Table 5. Raman spectroscopic data, NaCaAlSi, 0, + CO,
Sample Composition P, T, -1
No. Eoar ) Wavenumber, cm
1059 Sm 0.001 1460 493m,p  560m,p 651m, p 900w, p(sh)  980s,p
1057 Sm 10 1275 500m,p 553m,p 662m,p - 900w, p(sh) 980s,p
1056  Sm+ COp 10 1275 493s,p  566m,p 683m,pt 716w,p 860w,p(sh)  942s,p 1000s,p 1070s,p 1413vw,p 1513vw,p 1737vw
1073 Sm + €Oy 10 1460 497s,p  557m,p 670m,pt 707w,p(sh) 860w,p(sh)  930s,p(sh)  993s,p 1070s,p LR B Lok
1074 Sm+ COp 10 1550 ... 490s,p 557m,p 650w,p 683w,p 860vw,p(sh)  922m,p 990s,p 1070s,p . . L%
1062 Sm + €Oy 20 1325 279m  482s,p 550m,p(sh) b 700m,p 860vw,p{sh) 942s,p 997s,p 1075s,p n.m. n.m. n.m.
1068 Sm + COy 20 1460 «.. 493s,p 560m,p 627vw,p 700m,p 860vw,p(sh) 940s,p 1006s,p 1075s,p n.m, n.m. n.m.
1072 Sm+ CO, 20 1550 490s,p  560m,p 707m,p 860w,p(sh)  950s,p 1010s,p 1070s,p  m.m. n.om. n.m.

*Band present, but too weak for assignment.

tBroad.

Uncertainty +5 em L,

Symbols: n.m., not measured; others as in Table 2,
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quency region differs considerably from that ob-
tained for crystalline NaCaAlSi,0, (Sharma, 1979)
where the major band is very near 900 cm™ (Si,0,
dimer in crystalline material). In analogy with the
conclusions for quenched Na,Si;O, melt, the main
band in the high-frequency envelope should stem
from stretch vibrations in a structural unit with an
average NBO/T = 1. The above interpretations,
which are independent of the data contained in the
high-frequency envelope, indicate that three-dimen-
sional structural units as well as units with NBO/T =
2 also occur in this melt. These conclusions imply
that at least three stretch bands must be located in
the high-frequency envelope. Curve-fitting involving
unresolved bands should be carried out with great
caution, and the curves inserted in the high-fre-
quency envelope in Figure 7 should only be consid-
ered as a suggestion. In deriving this suggested solu-
tion it was assumed that Al was randomly distributed
between the three structural units and that the influ-
ence of Si(Al) coupling on the frequencies of the rele-
vant stretch bands is relatively similar. A con-
sequence of this assumption is that all the stretch
bands should be at a lower frequency than the analo-
gous bands in the Al-free Na,Si,0, melt composition.
If the calibration of Virgo et al. (1979) for frequency
shift of antisymmetric stretch bands in three-dimen-
sional network structures on the joins NaAlO,-SiO,
and CaAl,0,-Si0, as a function of Si/(Si + Al) were
used, each stretch band in the Sm melt composition
would shift by approximately 70 cm™' relative to
their positions in Na,Si,O,. Finally, the location of
the two shoulders on the high-frequency envelope
were taken as an indication of approximate position of
the two strongest bands in the envelope, and the form
of the high- and low-frequency limbs of the envelope
was used as a guide for the form of the high- and
low-frequency limbs of these two bands. With all
these considerations in mind, the curve-fitting shown
in Figure 7 was produced. With this interpretation,
the strong 1013 cm™ band is an Si(Al)-coupled
stretch band from a structural unit with, on the aver-
age, NBO/T = 1. The 990 cm™' band stems from a
three-dimensional structural unit and the 907 cm™
band from a structural unit with about 2 nonbridging
oxygens per tetrahedrally coordinated cation.

The three structural units are denoted T,0,, T,O;,
and TO,, where T = Si + (NaAl) + (1/2CaAl,). The
equilibrium between the three structural units may
be expressed with the equation

2T,0% (sheet) = T,O% (chain) + 2TO, (3D) (3)
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Addition of carbon dioxide to Sm melt results in
the appearance of the characteristic carbonate bands
(1070, 1420, 1520, and 1740 cm™'; White, 1974) seen
in Figure 7 (see also Table 5). In addition to these
bands, a weak band occurs near 700 cm ', This band
is characteristic of the in-plane deformation mode of
the CO;3~ anion (Verweij et al., 1977; White, 1974). It
cannot be observed in CO,-bearing Di melt (Fig. 5)
because it lies beneath the high-frequency limb of
the strong Si-O° bending band at 650 cm™".

Systematic changes of vibrational frequencies and
intensity ratios of important bands occur as a result
of dissolved CO, in quenched Sm melt (Figs. 7 and 8;
Table 5). The spectroscopic features near 500 cm™
remain unaltered with addition of CO,. In view of
the discussion above, this observation is interpreted
to mean that three-dimensional structural units occur
in CO,-bearing Sm melts with the CO, contents used
here (Table 1). The band near 650 cm™" also remains
as CO, is added except in the two most CO,-rich
samples (5.9 and 5.2 wt. percent CO,; Table 1), which
indicates that chain units also remain in the CO,-
bearing melt. The data do indicate, however, that the
proportion of such units may have decreased as CO,
is dissolved in the melt.

In the high-frequency envelope (Figs. 7 and 8),
generally there are at least three bands in addition to
the C-O stretch band near 1070 cm™'. The strongest
band is near 1000 cm™' and probably corresponds to
an Al-bearing structural unit with NBO/T near 1
(sheet). In addition, there is a medium to strong band
near 930-940 cm ' and a very weak band near 860
cm™". In view of the diminished intensity of the 650
cm~' band with the addition of CO, to the melt, we
suggest that the 860 cm™ band is the associated
stretch band (chain). Its lower frequency compared
with the CO,-free melt may indicate lower Si/(Si +
A}) of this structural unit. Its lower intensity relative
to the other bands in the high-frequency envelope in-
dicates lower abundance.

The remaining band in the high-frequency enve-
lope may be the stretch band associated with the oc-
currence of aluminous, three-dimensional structural
units in the melt. The other evidence for such units is
the band near 500 cm™'. The 500 cm™ band fre-
quency corresponds to that of the rocking band in
three-dimensional aluminosilicate melts such as
those of NaAlSiO, and CaAlSi,O, composition. The
frequencies of the Si(Al) coupled stretch bands are
also similar (Virgo et al., 1979). The lower frequency
of this band compared with its position in CO,-free
Sm melt indicates a decrease in Si/(Si + Al). Its
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Fig. 8. High-frequency envelope of CO,-bearing Sm quenched
melt. (Ar* laser, 200400 mW power.)

greater intensity relative to the other bands in the
high-frequency envelope compared with the CO,-
free samples (Figs. 7 and 8) indicates that the abun-
dance of three-dimensional structural units in the
melt has increased as the result of dissolved CO,.

Solubility mechanisms

CaMgSi,0, + CO,

According to our data, solution of CO, in Di melts
to form carbonate complexes is accompanied by a re-
duction of isolated SiOj  tetrahedra relative to chain
and sheet units in the melt. There are no indications
that new silicate units have been formed with the
amounts of CO, added to these experiments (see
Table 1).

Inasmuch as the CO, solubility is positively corre-
lated with Ca/(Ca + Mg) in meta- and orthosilicate
melts (Holloway er al, 1976), it appears that the
CO3™ anion is closely associated with Ca** in the melt

by formation of CaCO,. The increasing degree of po-
lymerization of the melt with increasing carbonate
content is in response to the formation of such com-
plexes. The CO, solubility is controlled primarily by
the activity of Ca**, and not by the degree of polym-
erization of the melt as suggested by Holloway et al.
(1976).

Eggler and Rosenhauer (1978) surveyed the data
on the influence of CO, on silicate phase equilibria
and its solubility in silicate melts. They concluded
that in melts that contain nonbridging oxygens, the
principle of the solubility mechanism may be illus-
trated with the expression:

CO,(gas) + 20~ (NBO) = CO2~ (melt) + O° (BO)(4)

This mechanism is consistent with our conclusions.
The nonbridging oxygen (NBO) to form bridging ox-
ygen (BO) may be derived from Si,Of or S$i,0%"
units or both:

28105~ (melt) + 2CO,(gas)
= §i,0¢” (melt) + 2CO;~ (melt)  (5)

and

28i03™ (melt) + 3CO, (gas)
= §i,02” (melt) + 3CO;™ (melt)  (6)

Chains could also be transformed to sheets:
Si,0¢ (melt) + CO, (gas)
= 51,03 (melt)
+ 2CO0;*" (melt) @

The spectroscopic data cannot be used to determine
whether sheets are formed at the expense of chains,
or whether equations 4 or 5 represent the most accu-
rate description of the interaction between the an-
ionic network of the melt and CO, in solution in the
melt. Note, however, that Dent Glasser (1979), in a
review of crystal structures of silicates, concluded, on
the basis of charge density considerations relating to
modifying cations that Si;O%~ (sheet) structures are
less stable than Si,Of~ (chain) structures when bal-
anced with alkaline earth cations. In fact, alkaline
earth sheet structures do not occur in a crystallized
form. We suggest, therefore, that equation 5 prob-
ably describes the interaction between the melt and
CO, most accurately. This equation may then be
combined with equation 2 to describe the solubility
mechanism in metasilicate melts such as those of Di
composition:

58i,0¢™ (melt) + 2 CO, (gas)
= 28i0%™ (melt) + 481,03 (melt) + 2CO3~ (melt) (8)
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NaCaAlSi,0, + CO,

The influence of dissolved CO, on the anionic
complexes in Sm melt is less well defined than in Di
melt, partly because Sm melt is a combination of
more polymerized units such as three-dimensional
network, sheets, and chains, whereas Di melt also has
a large proportion of orthosilicate and little or no
three-dimensional network component. As a result,
Raman spectra are less sensitive to the changes of Sm
melt structure than of Di melt structure.

The Raman data (Figs. 7 and 8; Table 5) indicate
that the formation of CO}~ complexes in the melt re-
sults in polymerization of the silicate network, as the
proportion of three-dimensional structural units has
increased substantially relative to chain and sheet
units.

The principles governing the solubility of CO, in
Sm melt are, therefore, similar to those for CO, in Di
melt. The main difference is that the expression that
illustrates the interaction between CO, and the sili-
cate network must take into account the different
structural units in the two melts.

There are two reasons why (CaCO,)° rather than
(Na,CO,)° type complexes probably are formed in
Sm melt. First, as also summarized above, solubility
studies of CO, in silicate melts always indicate that
carbonate complexes are associated with Ca** cations
rather than other monovalent or divalent cations in
the melt. Second, as suggested by Bottinga and Weill
(1972) and also pointed out by Virgo et al. (1980),
MAI** complexes are more stable than M, ;Al** com-
plexes.

Inasmuch as three-dimensional structural units ap-
pear to become more abundant as CO, is dissolved in
Sm melt, the solubility mechanism may now be illus-
trated with the equation:

T,0¢ (melt) + 2CO, (gas)
= 2TO, (melt) + 2CO? (melt) ©)]

Equation 9 may be combined with equation 3 to give
the complete reaction:

4T,0% (melt) + 2CO, (gas)

=T,0¢ (melt) + 6TO, (melt) + 2CO3~ (melt)  (10)

where T = Si*" + (NaAl)** and the carbonate is asso-
ciated with Ca**.

Applications

Most phase-equilibrium studies of the role of CO,
in the formation and evolution of magma at high
pressures and temperatures have been conducted in
systems that do not contain amphoteric oxides. These
studies (Eggler, 1973, 1974, 1975, 1976, 1978; Eggler

and Rosenhauer, 1978, Huang and Wyllie, 1976)
have shown that the addition of CO, results in the
liquidus boundary between two minerals of different
degree of polymerization (e.g., forsterite and ensta-
tite) shifting toward the silica-deficient portion of the
systems. The solubility mechanism of CO, in simple
silicate melts without amphoteric oxides also in-
dicates that more polymerized minerals would pre-
cipitate from the CO,-saturated silicate melts, be-
cause the concentration of more polymerized species
in the melt increases with increasing CO, content.

Even though the Di composition is useful to dem-
onstrate the solubility mechanism of CO, in silicate
melts that contain nonbridging oxygens, this compo-
sition is a gross oversimplification of natural magma.
The greatest difference is the absence of amphoteric
oxides such as AL, O, and Fe,0,. The Sm composition
contains 19.74 wt. percent ALO, and about 46 wt.
percent SiO,. Basaltic rocks usually contain about
18-21 wt. percent total amphoteric oxides (Chayes,
1975). Consequently, with the assumption that the
structural roles of AI'* and Fe** are similar in basal-
tic magma, the Sm composition represents a closer
approximation of the natural magma. Our data in-
dicate that the solubility mechanism of CO, in simple
binary silicate melts resembles that of the more com-
plex Sm composition. We conclude, therefore, that
the data acquired in such simple systems provide an
accurate basis on which to provide information on
the influence of CO, on natural basaltic magma.
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Solubility mechanisms of H,O in silicate melts at high pressures and temperatures:

a Raman spectroscopic study
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Abstract

Raman spectroscopy has been employed to determine the solubility mechanisms of H,O in
silicate melts. In melts that have a three-dimensional network structure (e.g., melts on the join
Na,0-Al,0,-S10,), water reacts with bridging oxygens to form two OH groups per broken
oxygen bond. At the same time some of the three-dimensional network is broken down to
chain units, accompanied by the expulsion of AI** from tetrahedral coordination. In melts
that have nonbridging oxygen (NBO), water reacts with both nonbridging oxygen and net-
work modifiers (e.g., Na*) to form Si-OH bonds and M(OH) or M(OH), complexes. The an-
hydrous portion of the network becomes more polymerized.

The formation of chain units at the expense of three-dimensional network units in melts
implies that the liquidus boundaries involving pyroxenes and silica minerals or feldspar min-
erals shift to higher silica contents. Liquidus fields of silica minerals or feldspar minerals are
depressed relative to those of pyroxene minerals. This prediction is supported by published
observations of phase relations in hydrous basalt and andesite systems. Similar logic can be
used to explain the formation of partial melts of andesitic bulk composition from hydrous pe-
ridotite in the upper mantle.

We propose that trace-element crystal-liquid partition coefficients involving highly polym-
erized melts will decrease with increasing water content because of the formation of the less
polymerized chain units in the melt. Partition coefficients involving less polymerized melts
(e.g., picrite and komatiite) may increase because the degree of polymerization of the melt is

increased as a result of dissolved water.

Introduction

Water is one of the most important volatiles in
magmas. The presence of H,O in the source region of
partial melts in the upper mantle results in a more
silica-rich liquid than in its absence (e.g., Kushiro et
al., 1968; Kushiro, 1969, 1972; Yoder, 1969). For this
reason, for example, water is required to produce an-
desitic partial melts from peridotite (Kushiro er al.,
1972; Mysen and Boettcher, 1975). Water in magma
also affects crystallization paths. The liquidus fields
of feldspars are depressed relative to those of pyrox-
enes, and the liquidus fields of pyroxenes relative to
those of olivine’(Y oder, 1969, 1973; Eggler, 1972;
Kushiro, 1972). The redox equilibria of iron and
hence the phase’ equilibria of iron-bearing minerals
also depend on the water content of magma (Osborn,
1959).

! On leave from the University of Alberta, Edmonton, Canada.
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Physical properties of magma such as viscosity and
electrical conductivity are affected by water (Lebedev
and Khitarov, 1964; Kushiro, 1978; Kushiro et al.,
1976). It has also been suggested that activity coeffi-
cients of trace elements and therefore crystal-liquid
partition coefficients depend on the water content of
the liquid (Drake and Holloway, 1977, Hart and
Davis, 1978).

As a result of the important petrological influence
of H,O in silicate melts, the solubility behavior of
H,O in a variety of melts and under a variety of
physical conditions has been studied extensively
(Goranson, 1931; Kennedy et al., 1962; Burnham,
1974, 1975; Burnham and Jahns, 1962; Burnham and
Davis, 1971, 1974; Hamilton et al., 1964; Eggler and
Rosenhauer, 1978). Solubility models of H,O in sili-
cate melts based on solubility data and thermody-
namic properties of hydrous melts have been pro-
posed (Burnham, 1974, 1975).
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Despite the importance of H,O in petrogenetic
processes, data on the structural role of H,O in sili-
cate melts are scarce. Orlova (1964) and Velde and
Kushiro (1976) determined that OH groups exist in
highly polymerized, water-bearing melts on the join
NaAlSi0,-SiO,. Hodges (1974) suggested that mo-
lecular water may occur as well. Data on the struc-
tural role of the OH groups in silicate melts are rare
(Adams and Douglas, 1959). No data appear to exist
for melts formed at both high temperature and high
pressure. Such data are necessary to understand the
influence of H,O on chemical and physical processes
of magma formation and evolution. In the present re-
port, Raman spectroscopy has been used to deter-
mine (1) the chemical and structural forms of dis-
solved water in silicate melts and (2) the interaction
between water-bearing structural units and the re-
maining anionic structure of silicate melts.

Experimental methods

The Raman spectra were acquired on small chips
(~1 mm) of quenched melts. A discussion of the ap-
plication of such data to the structures of melts was
provided by Mysen et al. (1980). The problem was
also discussed by Taylor and Brown (1979) and
Sharma et al. (1978). They concluded that the struc-
tural features of liquids that are discernible with Ra-
man spectroscopy can be quenched at least with the
quenching rates employed here (250°-500°C/sec).

An added complexity in the present experiments is
the mobility of H,O in silicate melts and the ten-
dency of water-bearing melts not to form a glass. In-
stead, minerals precipitate from the melt during
quenching. In melts with a three-dimensional net-
work structure [e.g., NaAlSi,O, (Jd) and NaAlSi,Oq
(Ab) compositions in the present study] it has been
suggested that liquids with up to about 5 wt. percent
H,O can be quenched at high pressure (Burnham,
1975). No more than about 5 wt. percent H,O was
therefore added to these melts. Whether H,O could
be quenched in these melts was also assessed by
monitoring the intensity of the Si-OH and HOH
stretch bands in the Raman spectra (see below).

Less is known about melts that are less polymeri-
zed than those that have a three-dimensional net-
work (NBO/T > 0).? In fact hydrous melts of meta-

2NBO/T denotes nonbridging oxygen per tetrahedral cation.
The tetrahedral cation can be Si**, Ti**, P°*, AI3*, and Fe**.
With Fe** and AP’ local charge balance is attained with an al-
kali metal or an alkaline earth to form complexes such as MAIO,,
MFeO, and MA1,0,. MFe,0, complexes are not stable in silicate
melts (Mysen et al., 1979a). The notation NBO/Si is used when T
= Si.

silicate composition cannot even be quenched to a
glass. Di- and trisilicate of sodium [Na,Si,0, (NS2)
and Na,Si;0, (NS3)] can be quenched to clear,
bubble-free glass at least with water contents up to 4-
5 wt. percent. Inasmuch as the intensity of Raman
bands of Si-OH stretch vibrations of such melts in-
creases with increasing H,O content of the quenched
melt, we conclude that in these melts (NS2 and NS3)
the H,O content can be quenched. Melts of Na,Si,0;
and Na,Si,0, composition were used, therefore, to
study solubility mechanisms of H,O in silicate melts
with a significant number of nonbridging oxygens.

The starting materials for high-pressure experi-
ments were glasses made at 1 atm. The glasses were
produced from spectroscopically pure (Johnson and
Matthey) SiO, and Al,O, and reagent-grade Na,CO,
(Fisher). Water was double-distilled H,0, added to
the samples with a microsyringe with 0.03 ul preci-
sion. Deuterium oxide (MSD isotope products, Can-
ada) was 95 percent D,O and 5 percent H,O.

The samples were contained in sealed Pt capsules
of 2 or 3 mm O.D. In order to ensure that the desired
amount of water was in the charge during an experi-
ment, the capsules were weighed before and after
welding and again after 1-2 hr at 110°C. The accu-
racy of the amount of water reported is 4-7 percent
(depending on the concentration of H,O in the melt).

All experiments were carried out in solid-media,
high-pressure apparatus (Boyd and England, 1960)
using the piston-out technique with a —4 percent cor-
rection for friction (calibrated against the quartz-
coesite transition). The temperatures were measured
with Pt—-Pt90Rh10 thermocouples. The uncertainties
were +1 kbar and +6°-10°C (Eggler, 1977; Mao et
al., 1971).

The Raman spectra were taken on small chips of
quenched melt (about 0.5-1.0 mm cubes) free of
bubbles. The spectra were recorded with a Jobin-
Yvon optical system, holographic grating, double
monochromator (HG25) with a photon-counting de-
tection system. The spectra were recorded at 3 cm™'/
sec. The samples were excited with the 488.0 nm line
of an Ar* laser using laser power of 200-400 mW at
the sample with 90° scattering geometry. Polarized
spectra were obtained with the focused exciting beam
parallel to the horizontal spectrometer slit and with
the electric vector of the exciting radiation in a verti-
cal orientation. A sheet of polarizer disk in front of
an optical scrambler was used to record separately
the parallel and perpendicular components of the
scattered radiation.

Several of the high-frequency envelopes of the
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Table 1. Raman spectroscopic data on the system Na,O-SiO,-D,0-H,0 at 1300°C and 20 kbar

Composition Mole % Wavenumber, <:m_1 I{1100) 7(1100)
Ho0 (D20) I(1060) 1(950)

Na281205 s 573s,p 763w,p 948m,p 1055m,p 1103s,p 4.52 3.47

Na281205 33.6 (Dy0) 573s,p 770w,p 943w,p(bd) . 1057s,p 1098s,p 2.12 4.10

NayS8iy05 8.1 579s,p 764w,p 939mw,p 983w 1061s,p 1098s,p 1.61 4.19

Naj8iy0g 14.4 574s,p 767w,p 940w,p(bd) 983w(bd) 1070s,p 1100s,p Aerl1" 3.64

Naj5i307 542s,p 775w,p 942u,p 1065m,p 1093s,p 0.81

Na)8i307 44.8 (DZO) 538s,p 780w,p - | 1050s,p(bd) 1097s,p 1152m,p 3.89

Na,8i407 8.6 539s,p 777w,p 972w(bd) 1061lm,p(bd) 110ls,p 1173w(bd) 1.82

Nay8i305 24.3 546s,p  773w,p 978m,p 1056s,p 1093s,p 1152m,p 0.96

Nay51307 87.9 S546s,p  773w,p 973m 1062s,p 1093s,p 1l47m,p 0.81

Abbreviations: s, strong; m, medium; mw, medium to weak; w, weak; vw, very weak; (bd), broad; (sh), shoulder; p. polarized.

Band positions above 1200 cm~1 not accurately measured.
see Table 2.

spectra were attempted deconvoluted into individual
peaks. The details of the procedures used are de-
scribed by Mysen et al. (1980).

Results

Volatile-free melts

The structural interpretation of volatile-free,
quenched NS2 and NS3 melts at 1 atm and at high
pressure has been presented elsewhere (Brawer and
White, 1975; Furukawa and White, 1980; Mysen et
al.,, 1980). Only a summary of the band positions
(Table 1) and interpretation of the Raman spectra
are given here. The Raman spectrum of quenched
NS2 melt consists of three polarized bands that are
important for the present discussion. The strong
band near 1100 cm™' is due to ~O-Si—O° stretching®
(diagnostic of sheet units in the melt). The band near
950 cm™' is due to “O-Si-O~ stretching (diagnostic of
chain units), and that near 1060 cm ' is due to Si~O°
stretching (three-dimensional network unit). Other
bands near 570 and 770 cm™', respectively, are due to
$i-0° rocking and bending motions.

In volatile-free melt of Na,Si,0; composition, the
following expression can be used to describe the
equilibrium between the anionic structural units of
the melt (Mysen et al., 1980):

251,02 (sheet) = Si,0¢" (chain) + SiO, (3D) (1)

The same bands occur in volatile-free, quenched
NS3 melt as in volatile-free NS2 melt (Table 1).
Mysen et al. (1980) concluded, therefore, that

30?7, 07, and O° denote free oxygen, nonbridging, and bridg-
ing oxygens, respectively. The notation Si—O° indicates that the vi-
bration is from a bridging oxygen bond. In “0-Si—0°, one oxygen
(out of four) is nonbridging. In “0-Si—O~, two oxygens per silicon
are nonbridging.

For detailed positions of such bands (HOH and DOD stretch bands),

quenched NS2 and NS3 melts contain the same
structural units and that the equilibrium expressed
with equation 1 applies to both melt compositions.
The two melts differ, however, in that chain units are
more dominant in NS2 than in NS3 melts, as in-
dicated by the intensity ratios of diagnostic bands.

Virgo et al. (1980) found that analogous ex-
pressions could be derived for binary melts with
greater NBO/Si than NS2. In those cases, the ex-
pressions were :

for NBO/Si between 1.0 and 2.0:

381,0¢ (chain) = 2Si,0; (sheet)
+ 2Si0%” (monomer) )

and for NBO/Si between 4.0 and 2.0:

281,0¢ (dimer) = Si,0{" (chain)
+ 28105~ (monomer) 3)

Mysen et al. (1980) noted that the same ex-
pressions hold true regardless of the type of network-
modifying cation. They also concluded that this
structural model does not agree with models based
on polymer theory, and presented arguments as to
why this would be expected. This model is, however,
consistent with rheological data on silicate melts
(Bockris et al., 1956). The interested reader is re-
ferred to Mysen et al (1980) for a complete dis-
cussion of the present and other models.

The distinct assignments to monomers, dimers,
chain, and sheets were also discussed in some length
by Mysen et al. (1980), and no further discussion of
those assignments is presented here.

The anionic structures of the two melts with three-
dimensional network structure at 20 kbar (Jd and Ab
melt) are also known (Virgo et al., 1979a; Mysen et
al., 1980). Only band positions of volatile-free,
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Table 2. Band positions of Raman spectra from quenched melts in the system Na,0-Al,05-510,-D,0-H,0 at 1500°C and 20 kbar

GomposiEion Mole % Ravenmmbers x> 1(1100) 1(1100) I(1100)
1,0 (D,0) I(870)  I1(970)  I(1000)
NaAlSipOg 470s,p 566w,p 784w, p “a 950m,p 1062s,p i 2175s 2300w 2 J2k7)
NaAl5i90g 27.4 480s,p 570p(sh) 773w,p 871w,dp 983w(bd)  966m,p 1058s.p R R 12.28 2.30
NaAlSi20¢ 40.0 484s,p 561p(sh) 770w,p 862w,dp 985w (bd) 961m,p 1068s,p en* 2180s 2300w v 8.34 10.° 2.42
Naa1S150g 51.9 484s.p 563p(sh) 770w.p 86Uw.dp 985w(bd)  940m.p 1062s.p 1 S S L 3.18 625> 2.63
Naal5130g s p SThep  Twep eas 1000m,p 1100s,p 2175s 2300w ... 0.72
NaAlSiz0g 40.9 (D20> 465s,p 579p{sh) 806w,p 886w,dp . 1000m,p 1100s,p - L. % L..% 2583s(bd) 3566s(bd) 1.63 ce 2 2.7
NaAl5i308 15.5 472s,p 573p{sh) 776w,p 874w,dp 976vw(bd) 1004m,p 1100s,p s awn®  aen® ek 16.7 10.8 1 ¥28)
NaAlS1308 227 476s,p 569p(sh) 790w,p 885w,dp 983w(bd) 1000m,p 1100s,p 1368w(bd) von®  want 3535s(bd) 3.6 8.0 1.37
NaA1S130g 38.9 484s,p 570p(sh) 785w.p 893w,dp 983mw(bd) 1000m,p 1100s.p 1374w(bd) -..% ...* ...  3530s(bd) 3.6 7.4 1.51

Abbreviations and uncertainties as in Table 1.
*Present but not determined accurately.

quenched Jd and Ab melts are given (Table 2).
Briefly, the high-frequency envelope consists of two
(Si,Al)-O° stretch bands. Their frequencies are low-
ered with increasing Al content of the melt. The two
stretch bands reflect two different three-dimensional
network units in the melt. According to Mysen et al.
(1980), these two units differ in average Si/(Si + Al),
where the lowest frequency band is due to the most
Si-rich unit. In addition, the Raman spectra show
bands near 800, 570, and 470 cm~', which are due to
Si-O° bending, decoupled defects, and Si—O° rock-
ing, respectively (Bates et al., 1974; Stolen and Wal-
rafen, 1976). The three bands at these positions are
diagnostic of the presence of three-dimensional net-
work units in the quenched melts (Virgo et al.,
1979a).

In addition, the Raman spectra of all the samples,
whether volatile-free or volatile-bearing, show two
sharp bands near 2300 and 2200 cm ', respectively
(Fig. 1). These two bands are due to N, and Nj
(Hartwig, 1977; Nakamoto, 1978) from air, and are

NaAlSi3Og 20 kbar - 1500°C

" / !

\ /408 mole % Do |
R / % : ,/
M \f '\’/\\- ; ! | !
%, \__I'" Aot =
\ Pa

= 389 mole % HyO Y

" \_I-/!—u-.. \‘
s . R ST
L R [

1000 16500 2500
Wavenumber, cm-1

Lt
3000

500 3500

Fig. 1. Raman spectra (unpolarized) of quenched Ab + H,O
and Ab + D,0 melt.

of no consequence for the interpretation of the spec-
troscopic features under consideration. This observa-
tion is important because these two bands occur in
the frequency region of Si-H stretching and could be
misinterpreted as a result of such bonds. The two
bands do not shift their frequency with composition,
however, as would be expected if they were due to
Si-H stretching (Lucovsky, 1979; Lucovsky et al.,
1979). Furthermore, no Si-H bands could be de-
tected in the frequency region between 800 and 900
cm .

Silicate melts with H,O

Before the spectra of H,O-bearing silicate melts
are discussed, it is instructive to discuss the D,O-
bearing samples, because Si—-OH stretch vibrations
are expected in the frequency region near 950 cm™'
(Stolen and Walrafen, 1976). The Si-O stretch vibra-
tions also occur in this frequency region. The analo-
gous Si—OD bands are at frequencies that are lower
than those of the OH vibrations by a factor of 2
(Van der Steen and Van den Boom, 1977; Hartwig,
1977).

The Raman spectrum of quenched Ab melt with
40.9 mole percent D,O (calculated on the basis of 8
oxygens) is shown in Figure 1. The high-frequency
envelope of this spectrum is compared with that of
volatile-free and H,O-bearing Ab melt in Figure 2.
Detailed band positions are given in Table 2. The
strong, broad, and asymmetric band near 2600 cm™'
is due to D-O-D stretching (Van der Steen and Van
den Boom, 1977). The two sharp bands on the low-
frequency shoulder of the 2600 cm™ band are due to
N, and Nj from the air (see above). There is also a
weak band near 3570 cm™', which is due to H-O-H
stretching (e.g., Stolen and Walrafen, 1976). This
band is expected because the D,0 also contained
about 5 percent H,O.

Several changes have occurred in the high-fre-
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NaAlSizOg 20 kbar - 1500°C

40.9 mole % D50

| | | | |
800 900 1000 1100 1200
Wavenumber, cm-1

1 | | | )
900 1000 1100 1200
Wavenumber, cm-1

15.6 mole % HpO

20 ] | !
800 900 1000 1100 1200
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27.5 mole % H20
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| | | |
800 900 1000 1100 1200
Wavenumber, cm-1

38.9 mole % H,y0O
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Fig. 2. High-frequency envelope of Raman spectra (unpolarized) of quenched Ab melt as a function of volatile content.

quency envelope of the spectrum from Ab + D,O
compared with the envelope of volatile-free Ab melt
(Figs. 1 and 2). The two (S1,A1)-O° stretch bands re-
main in the same positions (about 1000 and 1100
cm™') as for the volatile-free melt. The intensity of
the band near 1000 cm™' is considerably weakened,
however, relative to the 1100 cm™ band [/(1100)/
1(1000) is about 2.3 compared with 0.7 for vola-
tile-free Ab melt; see also Table 2]. We conclude,
therefore, that the proportion of Si-rich, three-
dimensional network unit (3D) in Ab melt has been
substantially reduced as a result of dissolved D,O. It
is emphasized, however, that the average Si/(Si +
Al) of the two three-dimensional units is the same.
Only the proportion of the Si-rich unit has been re-
duced.

A new band at 886 cm™' occurs in deuterated,
quenched Ab melt at 20 kbar and 1500°C (Fig. 2,
Table 2). The D,O contains only a very small
amount of H,O and the position and intensity of the
886 cm™' band do not change appreciably whether 40
mole percent H,O or 40 mole percent D,0 (with 5
percent H,0) has been dissolved in the melt. It is not
likely, therefore, that this band is due to vibrations
involving D, H, OH, or OD-groups, as their in-

tensities and frequencies would depend on concen-
tration and type of volatile component added to the
melt. We conclude, therefore, that the 880 cm™' band
cannot be assigned to Si-H, Si-D, Al-H, Al-D, Si-
OH, Si-OD, Al-OH, or Al-OD vibrations. In addi-
tion, there are other arguments in favor of another
interpretation. The Al-H, Al-D, Si-H, and Si-D vi-
brations may have bands that occur in the frequency
range between 700 and 900 cm™' (e.g., Ryskin, 1974;
Hartwig, 1977; Lucovsky, 1979; Lucovsky et al.,
1979; Peri, 1966). The band near 880 cm™' could be
due to Al-0° ~0O-(Si,A)-0O° or ~O-(Si,Al)-O~
stretching. If it were due to Al-O° stretch vibrations,
clusters of AlO, tetrahedra without nonbridging oxy-
gens would be expected in the melt. This hypothesis
is ruled out for the following reasons. In vibrational
spectra known to contain AlO, clusters, Al-O° stretch
vibrations result in one or more bands at 800 cm™' or
lower frequency (Tarte, 1967, Serna et al, 1977,
1979; Virgo and Seifert, unpublished data, 1979), and
no such bands are found in the hydrated samples. It
is not likely, therefore, that the 880 cm™' band found
in the Ab + D,0 spectrum results from AlO, clusters.
The band between 750 and 800 cm™' found in the
spectra of quenched Ab and Jd melts (Table 2) also
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occurs at this frequency in Al-free melts with three-
dimensional network units. The band in the deute-
rated and hydrated melts is not significantly affected
by D,O or H,O content. This band is assigned to Si-
O° bending, as also suggested by Bates et al. (1974)
for quenched SiO, melt. No new bands occur in the
spectral region below 800 cm™' as a result of added
volatiles. The presence of AlO, clusters is therefore
ruled out.

The 880 cm™ band changes its frequency with
H,O and Al content (Table 2) and hence is most
likely a coupled (Si,Al) vibration. The intensity of
the band relative to the (Si,Al)-O° stretch bands is so
large, however, that it is unlikely that the 880 cm™
band reflects vibrations of a bridging oxygen (see
also Furukawa and White, 1980, for further dis-
cussion of such intensity considerations).

The 880 cm™ band is polarized and thus is prob-
ably a symmetric ~O—(Si,A)-O~ stretch vibration
rather than an asymmetric ~“O-(Si,Al)-O° stretch vi-
bration. Mysen and Virgo (1979) noted that in
quenched melts of NaCaAlSi,O, composition [Si/(Si
+ Al) = 0.33 as compared with 0.25 in NaAlSi,O,
composition] the “O-Si~O~ stretch band found near
950 cm ' was shifted to near 900 cm™' as a result of
(Si,Al) coupling. In the system NaAlSi,O, + D,O,
the average Si/(Si + Al) is greater than in Na
CaAlSi,0,. As discussed further below, the Si/(Si +
Al) of the anhydrous portion of the melt is less than
this average value, however, because some of the Si
of the melt is no longer part of the anhydrous net-
work (owing to the formation of Si-OH- or Si-OD-
containing structural units in the melt). The Si-OD
band (stretch) is expected near 600 cm~'. This is a
weak band, however (Stolen and Walrafen, 1976;
Van der Steen and Van den Boom, 1977), and is un-
resolved beneath the asymmetric band with a maxi-
mum near 500 cm™' (Fig. 2). As a result of these con-
siderations, we conclude that the 880 cm™* band in
quenched Ab + D,O melt is due to symmetric “O-
(Si,A1)-O" stretching. The (Si,Al) coupling is more
extensive than indicated by the average Si/(Si + Al)
of the melt. This band is, therefore, diagnostic of an-
hydrous (or undeuterated) chain units in the
quenched Ab melt with 40.9 mole percent D,O in so-
lution.

The Raman spectra of quenched Ab + H,O melt
are shown in Figures 1 and 2, and band positions are
given in Table 2. All spectra show the same features
as the spectrum for Ab + D,0O, except that the H-O-
H and Si-OH vibrations occur at different frequen-
cies because of the different mass of H compared
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with D (Van der Steen and Van den Boom, 1977). A
broad, asymmetric band near 3520 cm™' is assigned
to H-O-H stretching (Stolen and Walrafen, 1976).
The asymmetry toward lower frequency is probably
due to weak OH---O hydrogen bonds (Serratosa and
Vinas, 1964; Peri, 1966). Hydrogen bonds between
outer hydroxyl groups and neighboring oxygen are
frequently observed in micas, for example (Serna et
al., 1977, 1979).

There are no bands at higher frequency than the
H-O-H band; thus the presence of molecular H, in
the quenched Ab + H,O melt is ruled out (Lucovsky
et al., 1979). The absence of a band near 1600 cm™
rules out the possibility of a contribution of molecu-
lar H,O in solution in any of these melts (Lucovsky et
al., 1979). The two sharp bands near 2200 and 2300
cm ' are due to N3 and N, from the air (see also
above). The weak band near 1380 cm™' (Fig. 2) is
due to H-O-H bending (Ryskin, 1974).

We note that the intensity of the band near 570
cm™' [due to defects (broken oxygen bridges) in the
three-dimensional network structure (Bates et al,
1974; Stolen and Walrafen, 1976)] is lower in the
spectra of melts with H,O (and D,0) than in those of
melts without volatiles (Fig. 3). Stolen and Walrafen
(1976) made similar observations in the system SiO,-
H,O. They concluded that H* reacted with defects in
the three-dimensional network structure (Si-O~---Si-
0-Si") to form OH, thereby diminishing the intensity
of this band. The same mechanism explains the re-
duced intensity of the 570 cm™ band in the spectra
shown here. Stolen and Walrafen (1976) noted, how-
ever, that only about 1000 ppm H,O can dissolve in
fused SiO, according to this mechanism, and it is

NaAlSi3Og 20 kbar - 1500°C

46‘8

| No H,0

P”Jy"\ 38.85 mole % H0 573

570 (sM)
|

1 L | 1 |
4(l)O 500 600 400 500 600

Wavenumber, cm1 Wavenumber, cm-1

Fig. 3. Low-frequency region of volatile-free and H,0-bearing
quenched Ab melt.
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therefore not considered the major mechanism for
solution of several weight percent H,O.

The band near 880 cm™' in quenched Ab + D,0
melt also occurs in quenched Ab 4+ H,0O melt (Fig. 2)
and is at nearly the same position (within experimen-
tal uncertainty).

The 1000 ¢cm™' shoulder in Ab + H,O spectra is
stronger than in the spectrum from Ab + D,0 (Fig.
2). This higher intensity is caused by the presence of
two bands in the frequency region near 1000 cm™".
One is due to (Si,Al)-O° stretching from the silica-
rich, three-dimensional network unit (1000 cm™).
The other band (near 980 cm™') is an Si-OH stretch
vibration. It may be argued that the 980 cm™' band
may also be due to Al-OH stretching. This possi-
bility is considered unlikely because (1) the band oc-
curs at the same frequency in Al-free samples (e.g.,
Stolen and Walrafen, 1976; see also below) and (2)
several AI-OH bending and rocking vibrations
would be expected in the frequency region between
950 and 750 cm™' (Ryskin, 1974). No such bands
were found in our samples.

The 880 cm ™' band may shift to slightly higher fre-
quency with increasing water content of quenched

1000 + . R po---thooNeaisiss -
D0
= \%_\\\
o N
; i
2 950 ™~
g .
E NaAtSioOg/
900 - + NaAlSis0
A i30g
P Sl
o _L____-$—n-——-¥-NaAi5i205
i L - L L v J
800 20 30 40 50 60
Mole % Hy,O

Fig. 4. Frequency shifts of critical Raman bands as a function of
water content.
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Fig. 5. Raman band intensity ratios (1100)/1(870), of volatile-
free and volatile-bearing quenched Ab and Jd melts.

Ab melt (Fig. 4). The frequencies of the 1000 and
1100 cm™ bands are not affected by the presence of
water in the melt. The frequency increase of the 880
cm™' band with increasing water content indicates
that the average Si/(Si +Al) of this structural unit in
quenched Ab melt increases slightly with increasing
H,O content.

The intensities of both the 880 and 980 cm™" bands
increase relative to those of the 1100 and 1000 cm™'
(A1,Si)-O° stretch bands as the water content of the
Ab melt is increased (Fig. 5; see also Table 2). We
conclude, therefore, that more chain units and Si-
OH bands are formed as the water content of the
melt is increased. Finally, the intensity ratio,
I(1100)/1(1000), increases with increasing water con-
tent (Fig. 6). This increase implies that the Si-OH
groups are formed as a result of interaction between
the H,O and the most silica-rich of the two three-
dimensional network units in melt of NaAlSi,O,
composition.

The high-frequency envelope of the Raman
spectra of quenched melts of NaAlSi,O, and NaAl
$i,0, + H,0 composition are shown in Figure 7 (see
also Table 2). The portions of these spectra at higher
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Fig. 6. Raman band intensity ratios, 7(1100)/1(1000), of
volatile-free and volatile-bearing quenched Ab and Jd melts.

and lower frequencies than those shown in Figure 7
are identical with the same regions in the spectra of
quenched Ab + H,O melt and are not included. The
exact band positions from these regions are given in
Table 2.

The structure of quenched anhydrous Jd melt at
high pressure has been described by Mysen et al.
(1980). Briefly, the structure closely resembles that of
quenched anhydrous Ab melt except that the two
three-dimensional network units are more Al-rich in
the Jd than in the Ab melt. The proportion of the
most Si-rich unit relative to the Al-rich unit is also
smaller in Jd melt.

Addition of water to Jd melt results in the same
changes in the high-frequency envelope of the Ra-
man spectra of both Ab and Jd melts (Figs. 2 and 7).
A new, polarized band occurs near 860 cm™'. This
band is analogous to the 880 cm™ band in quenched
Ab + H,0O melt and is assigned to symmetric ~O-
(ALSi)-O~ stretching, as in quenched Ab + H,O
melt. Its slightly lower frequency in Jd + H,O melt is
a result of the smaller Si/(Si + Al) of Jd compared
with Ab melt. The intensity of this band relative to
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the (Si,A)-O° stretch bands increases with increasing
water content of the melt, as was also the case for Ab
+ H,O melt (Fig. 5). A new band near 980 cm™' is as-
signed to Si—-OH stretching. This band most likely
does not reflect AI-OH stretching, for the same rea-
sons as outlined above for Ab + H,0 melt. Finally,
the intensity ratio, 1(1060)/1(950), increases with in-
creasing water content (Fig. 6). This intensity in-
crease corresponds to the intensity increase of
1(1100)/1(1000) for Ab + H,O melt, and is inter-
preted to mean that the proportion of the Si-rich,
three-dimensional network unit decreases relative to
the Al-rich unit as the water content of quenched Jd
melt is increased.

In summary, solution of H,O in melts of
NaAlSi,O; and NaAlSi, O has similar effects on the
anionic structure of the melts. First, water is bound
in the structure as Si~OH, resulting in a decrease in
the average Si/(Si + Al) of the anhydrous portion of
the melt. The three-dimensional network portion of
the melt responds to this decrease by an increase in
the proportion of the Al-rich unit relative to the Si-
rich, three-dimensional network unit. Second,
(Si,Al)-coupled chains of the type NaAlSiO¢ are
formed. No OH groups are attached to the chain
units. Third, aluminum is not attached to hydroxyl in
any complex in the melt. Fourth, it is not possible to
determine from the Raman spectra whether com-
plexes involving Na® and OH™ occur in the melt.
This unidentified complex is referred to as Na(OH)°
in the remainder of the text.

A comparison of the high-frequency envelopes of
the Raman spectra of quenched melts of Na,Si,0,
and Na,Si,0, + 44.8 mole percent D,0 (based on the
chemical formula—7 oxygens) is shown in Figure 8,
and detailed data are given in Table 1. A comparison
of the spectra of the volatile-free samples with the
deuterated sample is conducted first, to avoid inter-
ferences from OH bands in the high-frequency enve-
lope (see also above).

Three features are evident from the comparison of
the volatile-free and the deuterated samples. First,
the 940 cm™' band diagnostic of chain units in an-
hydrous NS3 melt cannot be discerned in the deute-
rated sample. Second, a new band near 1150 cm™ is
observed in the Raman spectrum of quenched NS3 +
D,0. We suggest that this is the band found at 1200
cm™' in quenched SiO, melt and assigned to Si-O°
stretching (Bates er al, 1974). Brawer and White
(1975, 1977) noted that this band shifts from 1200
cm™' to near 1150 cm™' as Na,O is added to SiO,
melt on the join Na,0-Si0,. The band disappears at
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NaAlSioOg, 20 kbar - 1500°C

No H»0
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Fig. 7. High-frequency region of Raman spectra of volatile-free and volatile-bearing quenched Jd melt.

Na,0/Si0, = 1/3-1/4. The reappearance of this
band with the addition of D,O to quenched melt of
NS3 composition (Na,0/SiO, = 1/3) indicates that
the proportion of bridging oxygen is greater in deute-
rated than in volatile-free melt of NS3 composition.
Third, the intensity of the 1100 cm™' band (indicating
that sheet units may be present in the melt; Mysen et
al., 1980) relative to the intensity of the 1050 cm™'
band (Si-O° antisymmetric stretch band; Furukawa
and White, 1980; Mysen et al., 1980) has decreased.
This observation also implies that deuterated NS3
melt is more polymerized than D,O-free, quenched
melt of Na,Si,O, composition.

The high-frequency envelopes of the Raman
spectra of hydrated quenched NS3 melt are shown in
Figure 9 (see also Table 1). When curves were fitted
to the high-frequency envelope (see Mysen et al,
1980, for the fitting procedure), the bands near 1050,
1100, and 1150 cm™! were retained. In order to fulfill
this requirement, a broad band near 970 cm™' also
had to be included. This band becomes more intense
with increasing water content, and because of this re-
lation and its frequency, it is assigned to Si-OH
stretching.

The intensity ratio of the 1100 and 1050 cm™
bands is plotted as a function of H,O content of the
melt in Figure 10. These data show that the 1050
cm~' band becomes more intense as the water con-
tent of the melt increases. This observation is inter-
preted to mean that the solution of H,O in melt of
Na,Si,0, composition results in the formation of Si-
OH bonds with a concomitant decrease of NBO/Si
of the melt.

The effect of dissolved H,O and D,O on the high-
frequency envelope of the Raman spectra of
quenched NS2 melt is shown in Figure 11. A com-
parison of the spectra of volatile-free, D,O-bearing,
and H,O-bearing NS2 melt shows the same bands in
all cases (940 cm™', Si,0¢~ chains; 1060 cm™', SiO,
three-dimensional network; 1100 cm™', Si,0}"
sheets). It is clear, however, that the intensity ratio
1(1100)/1(1060) has decreased and 1(1100)/1(940)
has increased (Table 1; see also Fig. 10). As for hy-
drous melt of NS3 composition, these changes are in-
terpreted to mean that the proportion of bridging ox-
ygen in the melt has increased as water is dissolved.
This change is reflected in an increased ratio of three-
dimensional network units to sheet units, and an in-
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crease of sheet units relative to chain units in the
melt.

Addition of H,O to quenched NS2 melt results in
an additional change of the high-frequency envelope.
A new band occurs near 980 cm~', which is the Si-
OH stretch band also found in all the other composi-
tions.

In summary, the influence of dissolved water on
the structure of melts in the system Na,0-SiO, ap-
pears similar for all compositions studied. Water is
attached to the network with Si—-OH bonds, and the
hydroxyl-free portion of the network has become
more polymerized. As in the systems Ab + H,O and
Jd + H,0, it cannot be determined from the Raman
spectra whether Na(OH)° occurs in the melts; how-
ever, mass-balance considerations require its pres-
ence. This conclusion contrasts with that for the
other two compositions, in which Na(OH)® does not
occur.

Solubility mechanisms

Even though H,O reacts with silicate melts to form
Si-OH bonds, two distinctly different solubility
mechanisms are necessary to explain the spectro-
scopic observations, depending on whether the sili-
cate melt contains nonbridging oxygen. Most solubil-
ity models for H,0 have been based on studies of
melts with a three-dimensional network structure,
and this type of melt is considered first.

The Raman spectra of hydrous Jd and Ab melt

|

I | L L
800 900 1000 1100 1200

Wavenumber, cm-1

Fig. 8. High-frequency region of volatile-free and D,0-bearing quenched melt of Na,Si;O, composition.

show the existence of four structural units. First,
there are units that involve only Si and OH. Whether
Si-0O-Si bonds also exist in these structural units can-
not be discerned from the Raman spectra. Second,
there are chain units without OH but with both Si
and Al The AI’* must be locally charge-balanced
with Na*. The exact proportion of Si and Al in the
chain unit cannot be determined. In the present dis-
cussion, the chain unit is described by the formula
NaAISiO}~, where Al, therefore, is in tetrahedral
coordination. Third, a portion of the three-dimen-
sional network units is not affected by the presence of
H,O in the melt. The proportion of the latter two
units and the OH/Si of the hydroxylated silicate unit
depends on the H,O content of the melt. Fourth,
Burnham (1975) noted that the equimolal solubility
of H,O in NaAlSi,O; melt is about 10 percent greater
than in Si,0,. This additional water is dissolved as
OH-, locally charge-balanced by Na*. This configu-
ration in the melt is referred to as Na(OH)° in this
text. This notation is not meant to imply that such
complexes actually occur in the melt.

A consequence of the formation of chain units
from a three-dimensional network structure is the ex-
pulsion of some AI’** from tetrahedral coordination.
There is no evidence that either this or any other AI**
is coordinated with OH groups. An equivalent
amount of Na* must also be transformed from its
charge-balancing role to become a network modifier.

The extra AI’* is referred to simply as AP* in the
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Fig. 9. High-frequency region of water-bearing, quenched melt of Na,Si,O,; composition.

expressions below. This notation is meant to indicate
the proportion of aluminum in the melt that is no
longer in tetrahedral coordination. Instead, this pro-
portion of the total amount of aluminum in the melt
has become a network-modifier.

The formation of Si-OH bonds from bridging oxy-
gen is visualized as follows:

-Si—O-Si- (melt) + H,O (vapor)
= -Si-OH ... HO-Si- (melt) 0]

The principle illustrated with this expression was also
proposed by Kurkjian and Russell (1957), Wasser-
burg (1957), Adams and Douglas (1959), and Uys
and King (1963). The formation of two OH groups
per molecule of H,O was indicated by the fact that
the H,O solubility was proportional to [{H,0)]'”
(Kurkjian and Russell, 1957).

In view of the above observations and discussion,
an idealized expression that describes the solubility
mechanism of H,O in melt of NaAlSi,O, composi-
tion can be written:

14NaAlSi,O; (melt) + 13xH,O (vapor)
= 981,04, (OH),, (melt) + 8Na(OH)’ (melt)
+ BAP* (melt) = 6NaAlSiOZ- ©)

The AP* in equation 5 reflects the proportion of
aluminum that is now a network modifier. With x =
2, 4, 6, and 8, the hydroxylated silicate is respectively
a sheet, chain, dimer, and monomer. The corre-
sponding amount of H,O that can be dissolved in Ab
melt with these values for x is given in Table 3. The
results of the latter calculations (Table 3) show that
in our quenched melts the hydroxylation probably
did not proceed beyond sheets [Si,0,(OH),].

5—
A
4 '\\
\\\‘
— — \ \
[ Rl N\
S|© 3- \\
— O Ay
S| 9
2+ W
\\\\
\\ \\\
i \\\:::: ______
Ns2  TTTTTTT NS3
10 20 30 40
Mole % H»0

Fig. 10. Raman band intensity ratio, I(1100)/1(1060), of
quenched NS3 and NS2 melts as a function of water content.
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Fig. 11. High-frequency region of volatile-free and water-bearing quenched melt of Na,Si,Os composition.

The Raman spectra of quenched hydrated melt of
NaAlSi,O, composition indicate that the solubility
mechanism for H,O in such melts in similar to that in
Ab melt. The analogous expression is

28NaAlSi,O4 (melt) + 15xH,O (vapor)
= 118i,0; .,(OH),, (melt) + 16Na(OH)°’ (melt)
+ 16AP* (melt)+ 12NaAlSiO;~ (melt) ©)

The maximum solubilities of H,O corresponding to x
= 2,4, 6, and 8 are shown in Table 3.

We suggest that analogous mechanisms control the
solubility of H,O in melts with three-dimensional
network structures but with other melt modifiers
(e.g., K or alkaline earths) or amphoteric cations
(e.g., Fe’*). The solubility mechanisms of H,O in sili-
cate melts with nonbridging oxygen indicate the for-

Table 3. Maximum water solubility in silicate melts as a function
of the number of OH groups attached to Si

Wt 7 H20

Composition . -

x=2 x=4 x=6 x=8

(sheet) {chain) (dimer) (monomer)

NaAlSi30g 9.7 17.8 24.5 30.2
NaAlSi,0g 8.2 15142 21.1 26.3
Nay8i305 11.0 19.9 727/ 33.2
NaySiy0g 14.2 24.8 33.1 39.7

mation of Si-OH bonds with a concomitant decrease
in NBO/Si of the melt. The formation of an Si-OH
bond from Si—O~ indicates that one H* has taken the
place of an Na*. The Na* released can be neutralized
by forming Na(OH)°’, a model also advanced by Kur-
kjian and Russell (1957) on the basis of solubility
studies on Na,O-SiO, melts. In fact, the formation of
Na(OH)° complexes is a consequence of the spectro-
scopic observation that Si0,/Si,02 increases with in-
creasing water content of the melts.

The complete reactions for melts of Na,Si,O, and
Na,Si,0; compositions may be written:

6Na,Si,0, (melt) + 5xH,0 (vapor) = 251,05, (OH),,
(melt) + 6Si0, (melt) + 12Na(OH)° (melt) (7)

and
6Na,Si,0; (melt) + 5xH,0 (vapor) = 251,05, (OH),,
(melt) + 4Si0, (melt) + 12Na(OH)° (melt) (8)

The maximum water solubilities for given values of x
(Table 3) show that for given x the water solubility
increases with increasing Na,O/SiO,, as also con-
cluded by Uys and King (1963) on the basis of water
solubility studies on melts on alkali-silica joins.

We suggest that solution mechanisms similar to
those shown in equations 7 and 8 also operate in
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metasilicate melts. In those melts, chain units are the
predominant units, and the hydroxylated units can
be no more polymerized than that.

In summary, the Raman spectra of quenched hy-
drated melts with a three-dimensional network struc-
ture show that nonbridging oxygens are formed in
addition to hydroxylated silicate units. In melts with
nonbridging oxygen, the Raman spectra show an in-
crease in the degree of polymerization of the net-
work. Water is bonded in the structure as both Si-
OH and complexes of the type M(OH)’, where M is a
modifying cation.

Applications

Water affects the melting relations of silicate min-
eral assemblages. Kushiro (1969) has shown, for ex-
ample, that in the system CaO-MgO-Si0,-H,O the
pyroxene-silicate mineral liquidus boundary shifts
significantly toward the silica-rich portion of the sys-
tem with the addition of H,O. This observation is un-
derstandable in the light of the solubility mecha-
nisms for water in highly polymerized melts where
X(T,0,)/(XTO,) increases as a function of increasing
water content of the melt.* If it is assumed that the
relative changes of concentration of the structural
units in the melt can be approximated with the rela-
tive changes of their activities (activity coefficient ra-
tios are constant), the stability field of the most silica-
rich mineral is reduced simply because X(TO,)/
[X(TO,) + X(T,0)] has decreased.

The plagioclase stability field shrinks at the ex-
pense of pyroxene stability fields as H,O is added to
natural and synthetic andesite systems (e.g., Kushiro,
1972; Eggler, 1972). These changes can also be di-
rectly related to the increased importance of T,O,
units in the melts with increasing water content.

Partial melts from hydrous peridotite in the upper
mantle are more siliceous than those from anhydrous
peridotite (e.g., Kushiro et al., 1972; Mysen and
Boettcher, 1975). Carmichael et al. (1974) explained
such observations by stating that the activity of silica
in the hydrous partial melts is lower than in the an-
hydrous partial melts. The reason for this lowering of
silica activity is the lowering of X(TO,)/[X(TO,) +
X(T,0,)] as water is added to the system.

Melt structure (bulk composition) affects crystal-
liquid partition coefficients (Watson, 1976, 1977
Hart and Davis, 1978; Mysen et al., 1979¢c). The most

4 The notations X(TO,), X(T,0s) and X(T,O), respectively, de-
note proportions of melt units with a three-dimensional network,
sheet, and chain structure. The T cation can be Si**, Ti**, P,
(NaAl**, (CaAl**, and (NaFe)**.

important feature of the melt structure affecting the
partition coefficients is the ratio of nonbridging to
bridging oxygen in the melt. The crystal-liquid parti-
tion coefficients of both transition metals and rare
earth elements decrease with increasing NBO/T of
the melt (Mysen et al., 1979¢c). Solution of H,O in
highly polymerized melts (e.g., basalt, andesite and
granite) results in an increase of NBO/T. We sug-
gest, therefore, that crystal-liquid partition coeffi-
cients will decrease with increasing water content. In
melts with a large value of NBO/T (e.g., picrite,
komatiite, and basanite), it is likely that solution of
H,O results in decreased NBO/T. In such cases, the
relevant crystal-liquid partition coefficients (e.g., Ni
between olivine and melt) will increase with increas-
ing water content of the melt.

Iron is likely to play a similar role in silicate melts
to aluminum (Seifert ef al., 1979). That is, in hydrous
basaltic melts some ferric iron is a network modifier
and some is a network former. The proportion of fer-
ric iron in tetrahedral coordination will depend on
the water content of the melt. The activity of ferric
iron complexed in octahedral coordination in melts is
greater than when ferric iron is in tetrahedral coordi-
nation (Seifert et al., 1979; Mysen et al., 1979b). Con-
sequently, the stability fields of iron oxides on the
liquidi of hydrous basalt differ from those of an-
hydrous basaltic melts not only because water affects
the fugacity of hydrogen (e.g., Osborn, 1959), but
also because it affects the structural role of ferric iron
in the melt.

Physical properties of silicate melts (e.g., electrical
conductivity and viscosity) depend on their water
content (Lebedev and Khitarov, 1964; Shaw, 1963;
Kushiro, 1978; Kushiro et al., 1976). In anhydrous
melts of basaltic and more acidic composition, NBO/
T is less than 1 (Bottinga and Weill, 1972; Scarfe et
al., 1979; Mysen et al., 1979a). In such melts, the flow
units during viscous flow are Si0,-rich, three-dimen-
sional clusters (Mysen et al., 1979a). The clusters are
bonded with T-O bonds, where the T cation is tet-
rahedrally coordinated AP**, Ti**, and Fe**. The vis-
cosity of such melts depends on the strength of the
T-O bond (e.g., Taylor and Rindone, 1970). In melts
with NBO/T > 1, the flow units are isolated SiO, tet-
rahedra and modifying cations (e.g., Bockris et al.,
1955). The viscosity of such melts depends on the
number of oxygen bridges that must be broken to
form the flow units. Furthermore, only a portion of
the melt participates in the viscous flow at any given
time. In this case, the viscosity of a melt with a sheet
structure, for example, is greater than that of one
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with a chain structure, and so on. The viscosity of
such melts is also lower than in melts with three-di-
mensional network structure because of the smaller
size of the flow units. We suggest that viscous flow of
hydrous basaltic and more silica-rich melts is con-
trolled by the latter mechanism, whereas in the an-
hydrous equivalents the viscous flow is controlled by
the former mechanism. Hence hydrous melts are
more fluid than anhydrous, highly polymerized
melts.

We may also speculate that because H,O in effect
increases NBO/T in less polymerized melts, the vis-
cosity of melts of picrite, komatiite, and basanite
composition may increase as a result of the dis-
solution of water.
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Experimental evidence at high pressure for potassic metasomatism in the mantle of the
Earth!
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Abstract

To assess the concentration of potassium in aqueous fluids as a model for metasomatism of
the mantle of the Earth, we experimentally determined the solubility of potassium in an
aqueous vapor in equilibrium with phlogopite and other phases to pressures of 30 kbar at
1100°C. The concentration of potassium (in grams of K,O per 100 g H,0) is 4 at 11 kbar, 7 at
20 kbar, and 25 at 30 kbar. Such values are sufficient to transfer from the interior of the Earth
all of the K,O to the continental crust during formation of the hydrosphere by outgassing.
However, it is likely that most of this transport was by silicate-rich liquids.

Introduction

A number of investigators have suggested that pri-
mary alkaline magmas and particularly highly potas-
sic melts are formed by partial melting of mantle ma-
terial that was previously enriched in potassium and
other components by precursory metasomatic proc-
esses (Sobolev, 1977; Ryabchikov and Green, 1979;
Lloyd and Bailey, 1975; Boettcher and O’Neil, 1980).
The present work was designed to provide a quan-
titative check on the possibility of such processes by
experimentally measuring K,O concentrations in
aqueous vapors in equilibrium with phlogopite-bear-
ing mineral assemblages typical of the mantle at high
pressures and temperatures.

Earlier studies (Wendlandt, 1977; Yoder and
Kushiro, 1969) revealed that subsolidus experiments
at 20 kbar for the composition joins phlogopite-H,O
and phlogopite-H,0-CO, quenched to an assem-
blage containing phlogopite plus forsterite. This
demonstrates that incongruent solubility of phlogo-
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pite in an aqueous vapor under these conditions is
significant and that K,O and Al,O, dissolve in the va-
por in excess of that in phlogopite composition. In
this work we extended the investigation of phlogo-
pite-containing joins to higher H,O concentrations
and determined the H,O contents at various pres-
sures where phlogopite became unstable, dissolving
entirely in the vapor, enabling us to determine K,O
contents of fluids in equilibrium with phlogopite, oli-
vine, and some other phases typical of mantle assem-
blages.

Experimental procedures

Starting materials

A mixture of oxides of anhydrous phlogopite com-
position was prepared by sintering and partial melt-
ing at about 1100°C. Fired gels of pyrope and forste-
rite compositions were added to anhydrous
phlogopite powder for some of our experiments.

Experiments were performed in sealed platinum
capsules on mixtures of known proportions of silicate
components and water.
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Apparatus

All the experiments were in piston—cylinder appa-
ratus similar to that described by Boyd and England
(1960). The experimental method was described ear-
lier (Allen and Boettcher, 1978).

Identification

After sealing, the capsules were folded in such a
way that the starting mixtures were contained in one
half of each of the capsules. During the run, how-
ever, the second half of each capsule was filled with
vapor phase, which precipitated quench material
during fast isobaric cooling at the end of an experi-
ment (see Fig. 1). Comparison of the material from
both halves of the capsules was very useful for the
distinction of primary and quench phlogopite crys-
tals.

The nature of quench material changed consid-
erably with pressure. Between 10 and 14 kbar, it was
mainly an amorphous, glass-like phase forming
spheres, rods, and coatings on primary crystals (Fig.
2). At these pressures, quench phlogopite occurred in
minor amounts as small (<5 pm), thin flakes.

At 20 kbar the proportion of quench phlogopite
was noticeably greater, forming large (>20 pm), thin

Fig. 1. Photomicrographs of products of run 33; (a) quench
vapor in folded part of capsule, (b) forsterite + quench vapor in
main part of capsule. Bars are 100 pm.

Fig. 2. Photomicrograph of quench vapor in products of run 26.
Bar is 100 pm.

plates with uneven extinction and some skeletal mor-
phology. The spheres of amorphous material were
typically situated along the growth figures of quench
phlogopite. At 30 kbar, large (700 um), euhedral (but
thin) phlogopite plates were part of the quench mate-
rial and were overgrown by irregular aggregates of
phlogopite and amorphous material (Fig. 2). Primary
phlogopites at all pressures were euhedral, relatively
thick crystals (Fig. 3).

Olivines occurred in all our run products. They
were typically euhedral, tabular grains whose aver-
age size increased with increasing pressure, ranging
from 10 um at 10 kbar to 500X150 pm at 30 kbar.
Some olivines contained fluid inclusions.

The run products for the join phlogopite—pyrope-
water contained orthopyroxene and spinel in addi-
tion to phlogopite and olivine.

Experimental results

The results of our experiments are summarized in
Table 1. Their interpretation is based on the follow-
ing reasoning. In the runs in which the products did
not include primary phlogopite, all the K,O was in-
corporated into the fluid phase, inasmuch as the co-

Fig. 3. Photomicrograph of thin plates of quench phlogopite
and other quench products in run 24. Bar is 200 pm.
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Table 1. Experimental data

Run  Pres Temp Bulk g Ky0 Time  Run products
(kbars) (°C) composition 100 g H20 (hrs)
32 10 1100 Aphi7FossWas 4.2 9 Fo+Ph+Q
33 12 1100 AphisFoseWue 4.7 11.5 Fo+Q
30 14 1100 AphisFoasWus 4.3 9 Fo+Q
23 20 1100 AphasWey 51118} 13 Fo+Q
26 20 1100 Aphs Wes 7.0 9 Fo+(Ph)+Q
3 20 1100 Aphu2Wsg 8.7 8 Fo+Ph+Q
14 20 1100 Aphy,Wss 9.6 10 Fo+Ph+Q
1pl 20 1100 Aph7eWay 36.6 8 Fo+Ph+Q
202 20 1050 AphioPyyoWso 252 9 Opx+Sp+Q
25 20 1050 AphzoPysoWso 4.8 11 Fo+Opx+Sp+Q
29 20 1050  Aph;yPy,uWs, 5.6 12 Fo+0px+Sp+Q
27 20 1050 AphaoPysoWse 7.2 12 Fo+(0px)+Sp+Ph+Q
21 30 1100 AphusWs, *10.3 12 Fo+Q
19 30 1100 AphsyW.g 13.8 8 Fo+Q
24 30 1100 AphssWys 15.8 8.5 Fo+Q
31 30 1100 AphgsWss 21.9 10 Fo+Q
37 30 1100 Aph7iWzas 28 8.5 Fo+Ph+Q

Abbreviations: Aph is anhydrous phlogopite composition
(KMg3A1Si30,,); Fo is forsterite (Mg,Si0,); W is water (H20); Py is
pyrope composition (Mg;Al1,5i;30;,); Ph is phlogopite; Opx is ortho-
pyroxene; Sp is spinel; Q is quench material (amorphous substance
and quench mica); parentheses indicate minor amount.

existing crystalline phases (olivine or olivine + ortho-
pyroxene + spinel) contain only negligible amounts
of this element. Interpolating between the composi-
tions of two adjacent runs with and without primary
phlogopite, we deduce the K,O/H,O ratio in the
fluid coexisting with the traces of phlogopite in addi-
tion to forsterite or forsterite + orthopyroxene +
spinel. In this manner, we estimated the values of
K,O concentrations (in grams of K,O per 100 g of
H,0) in equilibrium with assemblages containing
phlogopite and forsterite in 1100°C to be as follows:
4 at 11 kbar, 7 at 20 kbar, and 25 at 30 kbar.

The run products for the join phlogopite-pyrope-
water at 20 kbar and 1100°C were buffered with re-
spect to the chemical potential of SiO, (us0,) by the
presence of both forsterite and orthopyroxene and
with respect to p,, 0, by olivine, orthopyroxene, and
spinel. These compositions are more nearly represen-
tative of the chemistry of mantle material than are
the joins phlogopite-water and phlogopite—forste-
rite-water. The concentration of K,O in the vapor in
equilibrium with phlogopite, forsterite, ortho-
pyroxene, and spinel at 1050°C and 20 kbar was esti-
mated from these experiments as 6 g K,O per 100 g
H,O, only slightly lower than that for phlogopite +
forsterite phase assemblages at the same pressure but
at 1100°C.

Thus our experimental data permit us to evaluate
K,0/H,O0 ratios in aqueous fluids. The same reason-

ing is also applicable to AlLO, concentrations, in-
asmuch as this component also occurs in olivines
only in trace amounts. It is also clear that the K, O/
ALO, ratios of our solutions were always close to
unity (the same as in phlogopite). Unfortunately, it is
not possible to estimate MgO and SiO, concentra-
tions in aqueous solutions from our experimental
data alone. However, from the results of Modreski
and Boettcher (1973), who analyzed quenched vapor
in equilibrium with forsterite, enstatite, and phlogo-
pite at 1050°C and 10 kbar, we conclude that the
MgO content of aqueous fluid at these conditions is
negligible. Therefore, it is rather safe to assume that
concentrations of magnesium in the fluid in our runs
at 1100°C and 11 kbar are also very low, because the
pressure-temperature conditions of these runs and
those of Modreski and Boettcher (1973) are similar.
From this we estimate the K,O (3.4 wt%), ALLO; (3.7
wt%), and S10, (6.6 wt%) concentrations in the aque-
ous phase in equilibrium with forsterite and phlogo-
pite at 1100°C and 11 kbar, with the total content of
dissolved oxides being approximately 14 wt%. At
higher pressures MgO concentrations in fluids co-
existing with phlogopite-containing phase assem-
blages must be substantial, judging from the increas-
ing amount of quench phlogopite.

Eggler and Rosenhauer (1978) determined the sol-
ubility of diopside in an aqueous fluid at 20 and 30
kbar and approximately 1200°C to be approximately
10 wt%, which corresponds to about 2.5 wt% of MgO
in solution. We assume that in our experiments at the
same pressures the MgO content of fluid was the
same or higher because the chemical potential of
MgO for a forsterite-containing phase assemblage
must be higher than in the presence of diopside
alone. Assuming 2.5 wt% as a minimum value, we es-
timate the concentrations of other components, and
the results of these calculations show that the total

8 E

Fig. 4. Photomicrograph of primary phlogopite and forsterite in
the products of run 32. Bar is 100 pm.

s
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contents of dissolved silicate components in aqueous
fluids in equilibrium with phlogopite and forsterite at
1100°C and pressures of 20 and 30 kbar are about 25
wt% and 50 wt%, respectively. It is clear that at 30
kbar fluids in equilibrium with phlogopite-contain-
ing phase assemblages are near critical conditions.

Table 2 illustrates that the proportion of solute in
the vapor is a function of pressure, ranging from
about 14 wt% at 11 kbar to about 55 wt% at 30 kbar.
At 30 kbar, our vapors contain approximately 25 wt%
dissolved solids. This is about twice the value for the
solubility of diopside in a vapor containing 95 wt%
H,O and 5 wt% CO,, determined by Eggler (1975).
Experiments by Nakamura and Kushiro (1974) at 15
kbar reveal that aqueous vapor coexisting with for-
sterite and enstatite dissolves about 18 wt% SiO, at
1280°C and 22 wt% SiO, at 1310°C; the vapor co-
existing with only enstatite contains up to 40 wt%
Si0, at 1280°C and 15 kbar.

Petrological applications

Our experimental data were obtained for composi-
tions with H,O as the only volatile component. How-
ever, vapors in the mantle contain other volatile spe-
cies, and experiments have shown that addition of
components such as CO, and H, that lower the fu-
gacity of H,O will reduce the solubility of silicates in
an aqueous vapor (for example, Shettel, 1973; Naka-
mura, 1974). Comparison of P-T coordinates for
continental shield geotherms with the positions of va-
por-phase isopleths for divariant assemblages corre-
sponding to the following reactions (in the presence
of H,O and CO,) shows that under these conditions
H,0/CO, values in vapors are high, particularly at
depths below those of the stability of amphibole:

2Fo + Di + 2CO, = Do + 4En;
Fo + CO, = Mc + En
(Newton and Sharp, 1975; Eggler, 1977, Wyllie,
1979)

Our results show that under these conditions fluids
may be very efficient agents for transporting K,O.
For example, temperatures of about 1050°C are
reached under continental shields at depths of about
130 km corresponding to pressures of 40 kbar, from
the geotherm of Clark and Ringwood (1964). Extra-
polation of our results to 1050°C and 40 kbar clearly
shows that the vapors in equilibrium with phlogopite
would contain in excess of 30 g K,O per 100 g of
H,O. If we accept 10 g K,0/100 g H,O as a con-
servative estimate, and if we assume that all the wa-
ter in the present hydrosphere was transferred from
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the deep levels of the mantle of the Earth, then vapor
could have transported 1.4 - 10® g of K,O, which is
approximately the amount in the continental crust.
However, the shield geotherm intersects the perido-
tite-H,O solidus at about 100 km, and it is more
likely that much of the K,O was transported in a sili-
cate liquid.

It may be noted that the high mobility of K,O-rich
fluids under conditions of continental shield geo-
therms is consistent with the fact that only on conti-
nents do we find evidence for enrichment of mantle-
derived magmatic rocks that commonly bring to the
surface xenoliths of phlogopite-bearing ultramafic
rocks. Under the higher temperature conditions of
the deep oceanic lithosphere, vapor may have a
higher value of CO,/H,0 if carbonates are unstable
(Eggler, 1978). Mysen et al. (1978) have experimen-
tally investigated the mobility of H,O in peridotite
under mantle conditions. These preliminary results
do suggest that the rate of migration of H,O-rich
fluids is sufficiently rapid to permit mobilization of
K,O and other components. However, high mobility
of K,O in aqueous fluids is necessary but not suf-
ficient for intensive mantle metasomatism. There
must also exist certain mechanisms for fixation of
dissolved K,O. One obvious method to precipitate
K,O is to decrease the pressure and temperature of
the ascending vapor. The change in the CO,/H,0 ra-
tio of the vapor during ascent (Wyllie, 1979) would
also affect the solubility of K,O and other solutes.
Crystallization of amphiboles at depths of about 60
km would certainly increase CO,/H,0, and the K,O,
ALOQ,, and other components previously dissolved in
the fluid would take part in metasomatic reactions.

Some K.,O is fixed in the upper levels of the mantle
at depths of about 50 km, as evidenced by metaso-
matism of lherzolite xenoliths in alkali basalts (Boett-
cher and O’Neil, 1980; Stewart and Boettcher, 1977;
Wilshire et al., 1980). However, the abundance of
phlogopite in kimberlites and in xenoliths in kimber-
lites suggests that considerable amounts of K,O re-
side at depths greater than 50 km.
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Abstract

Unit cells and crystal structures were determined on a single crystal of quartz at seven pres-
sures from 1 atm to 61.4 kbar. Unit-cell parameters are a = 4.916(1) and ¢ = 5.4054(4)A at 1
atm, and a = 4.7022(3) and ¢ = 5.2561(2)A at 61.4 kbar. Structural changes observed over
this pressure range include a decrease in the Si-O-Si angle from 143.73(7)° to 134.2(1)°, a
decrease in the average Si-O bond distance from 1.6092(7) to 1.605(1)A, and an increase in
distortion of the silicate tetrahedron. Several O-O distances show very large changes (11%)
that can be related to the unit-cell-edge compression. As pressure is increased, the geometry
of the SiO, (quartz) structure approaches that of the low-pressure GeO, (quartz) structure.

The structural changes that take place with increased temperature are not the inverses of
those that occur with increased pressure; changes in the Si—O-Si angle and the tetrahedral tilt
angle control thermal expansion, whereas smaller changes in the Si-O-Si angle and tetrahe-
dral distortion control isothermal compression.

By constraining the zero-pressure bulk modulus to be equal to that calculated from acous-
tic data [K; = 0.371(2) Mbar], the pressure derivative of the bulk modulus at zero pressure
[K% = 6.2(1)] has been calculated by fitting the P~V data to a Birch-Murnaghan equation of
state. The anomalously low value of Poisson’s ratio in quartz can be explained by the low ra-
tio of the off-diagonal shear moduli to the pure-shear moduli. This small ratio reflects the eas-

ily expanding or contracting spirals of tetrahedra that behave like coiled springs.

Introduction

The literature on the crystal structure and com-
pressibility of quartz leaves many questions about its
changes with pressure. As high-pressure structural
refinements have not been as precise as those per-
formed under ambient conditions, these studies re-
port large changes (e.g., the Si-O-Si interbond
angle); however, subtle ones have not been pre-
viously resolvable. Recent experimental develop-
ments in our laboratory offer the potential of provid-
ing improved resolution in high-pressure structural
data.

The crystal structure of quartz at room temper-
ature and pressure has been refined many times
(Young and Post, 1962; Smith and Alexander, 1963;
Zachariasen and Plettinger, 1965; Le Page and Don-
nay, 1976; Jorgensen, 1978; d’ Amour et al., 1979),
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with the Young and Post and the Smith and Alexan-
der papers reporting the first quality refinements of
positional parameters and thermal ellipsoids. Zach-
ariasen and Plettinger improved upon these studies
by applying a secondary-extinction correction to
their refinement. The Le Page and Donnay refine-
ment again improved the R value; however, no cor-
rections for crystal X-ray absorption or extinction
were made. Both Jorgensen and d’Amour et al. col-
lected intensity data for room-pressure structural re-
finements with crystals already loaded in high-pres-
sure cells; these refinements are of lower precision
than the others.

Static-compressibility studies on quartz were first
carried out by Adams and Williamson (1923) and
Bridgman (1925; 1928), and then greatly improved
by Bridgman (1948a,b; 1949) and others (McWhan,
1967; Vaidya et al., 1973; Olinger and Halleck, 1976;
Jorgensen, 1978; d’Amour et al., 1979). McWhan
measured the compression of quartz in a modified
Bridgman-anvil apparatus with Guinier geometry
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X-ray cameras, using NaCl as both a pressure-trans-
mitting medium and a calibration standard. The ex-
periments were carried out to 150 kbar and no evi-
dence of a phase transition was seen, despite the fact
that the sample had been subjected to pressures
higher than required to transform quartz to coesite
and stishovite at high temperature. The Vaidya et al.
compressibility data were collected in a piston—cylin-
der apparatus with indium, a low shear-strength
metal, as the pressure-transmitting medium. Dis-
placement of a piston was measured to determine the
volume change; therefore, the data at low pressures,
where voids are being closed, are not as accurate as
the higher-pressure data. The Olinger and Halleck
study was performed in a modified Bridgman-anvil
apparatus, using a 4:1 methanol:ethanol mixture as
the hydrostatic pressure-transmitting fluid. Jorgensen
collected hydrostatic high-pressure neutron-diffrac-
tion data on a powdered sample, determining
changes in both unit cell and crystal structure. The
d’Amour et al. work, the only previous compres-
sional study of quartz using single-crystal X-ray tech-
niques, also gave unit-cell parameters and structural
data.

Experimental techniques

A clear crystal of natural quartz was broken, and a
platy fragment (70 pm X 50 pm X 30 um) used for
this study, with ¢ approximately normal to the plane
of the plate. Although precession and Weissenberg
X-ray photographs showed the crystal to be of high
quality, intensity data were collected on the crystal
before it was loaded into the diamond cell. The re-
finement of these data were used both for com-
parison purposes and to check for Dauphiné twin-
ning, which cannot be distinguished easily with film
techniques because it is only recognizable as in-
creased or decreased intensity of a certain class of re-
flections (Young and Post, 1962). We refined the
structure both with the entire set of structure factors
and with the structure factors not affected by Dau-
phiné twinning (hhl and #k0). Having found essen-
tially identical refinements for these two sets of data,
we decided not to make a correction for Dauphiné
twinning of the sample. Room-pressure and 31-kbar
data were collected with AgKa radiation, which has
two potential advantages over MoK« radiation for
diamond-cell work: its shorter wavelength makes
more of the reciprocal lattice accessible, and its lin-
ear-absorption coefficients are smaller than those for
MoKa. However, the lower intensity of the incident
AgKa radiation and the poorer counting efficiency of

the scintillation detector more than offset the above
advantages and make AgKa less desirable. The re-
finement of the 31-kbar structure, collected with
AgKa radiation, resulted in R values three times
those of the MoKa data sets and has therefore been
omitted from this report.

The quartz crystal was mounted in a Merrill-Bas-
sett design single-crystal diamond-anvil cell (Merrill
and Bassett, 1974). The diamonds (1/8 carat each)
had 0.65 mm faces (culet), and the gasketing material
[250 pym thick Inconel X750 (spring)] had a 300 ym
hole. The crystal was attached to one diamond face
with the alcohol-insoluble fraction of petroleum jelly,
and a 4:1 methanol:ethanol mixture was used as the
pressure-transmitting medium (Finger and King,
1978; Piermarini et al, 1973). A small ruby crystal
(10 ym; 0.5 wt.% Cr) (Piermarini et al., 1975) in the
cell was used for pressure calibration, which was per-
formed both before and after X-ray data were col-
lected. The pressure-calibration system, based on the
shift of the fluorescence spectrum of ruby, is similar
to that described by Barnett e al. (1973) but modi-
fied by King (1979). The diamond cell was then
mounted on a specially designed goniometer head
(Hazen and Finger, 1977; Finger and King, 1978),
which was in turn mounted on a four-circle X-ray
diffractometer. Both before and after intensity data
were collected at each pressure, unit-cell parameters
were determined, using King and Finger’s (1979)
method of avoiding systematic errors resulting from
an uncentered crystal.

With the exception of the room-pressure determi-
nation, an entire sphere of integrated intensities in
reciprocal space (2° < 26 < 90°) was collected with
crystal-monochromatized MoK« radiation; a hemi-
sphere of intensities (2° < 26 < 45°) (AgKa) was col-
lected on the crystal at room pressure. Intensities
were measured using a quasi-constant-precision
counting scheme with reflections less than 2¢, consid-
ered unobserved; o:’s were calculated by adding to
the constant-precision value an additional factor that
reflects the fluctuation of the incident beam (Baldwin
and Prewitt, in preparation). Structure factors were
corrected for X-ray absorption of the diamond cell
(Finger and King, 1978) and crystal X-ray absorp-
tion. Several reflections with exceptionally high or
asymmetrical background counts were rejected from
each of the high-pressure data sets because of overlap
with diamond reflections. None of the reflections
with 26 values near or on the 26 values of beryllium
metal were collected. Symmetrically equivalent re-
flections were averaged, yielding between 198 and
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Table 1. Intensity information for quartz at six pressures

Total # after 5

= %k*k +
# data av.* #>20, wR R Ext.x10 §
1 atm 2 663 210 194 0.019 0.016 0.17(1) -16.37
20.7(5)"" kbar 390 198 170 0.029 0.029 0.32(4 -19.54
37.6(5) kbar 438 215 190 0.031 0.032 0.34(4 -21.58
48.6(5) kbar 440 217 196 0.032 0.034 0.37(4 -22.46
55.8(5) kbar 432 214 200 0.028 0.026 0.34(3 -23.05
61.4(5) kbar 426 215 191 0.031 0.034 0.23(3 -23.47

*Number of data after symmetrically equivalent reflections were averaged.
**Number of data accepted in the refinement. All were greater than 20_.
***pefined secondary extinction parameters. T
The tetrahedral tilt parameter from Grimm and Dorner (1975).
Parenthesized figures represent esd's of least units cited.

218 independent reflections at each pressure. Ani-
sotropic refinements of the structure were executed
using the least-squares program RFINE4 with a 1/¢0°
weighting scheme (Finger and Prince, 1975). In the
high-pressure data sets, all observed reflections were
accepted; two reflections were rejected from the
room-pressure refinement. The final weighted R val-
ues range from 0.019 to 0.032 (Table ). Observed
and calculated structure factors are listed in Table 2%
positional parameters and temperature factors are re-
ported in Table 3; interatomic distances and angles
are given in Table 4; and unit-cell parameters are
listed in Table 5.

Room-pressure structural study

The refined positional parameters, bond distances
and angles of our room-pressure study (Tables 3 and
4) are in better agreement with the Zachariasen and
Plettinger (1965) refinement than with the more re-
cent refinement of Le Page and Donnay (1976). Le
Page and Donnay suggest that the large discrepancy
between their x and y oxygen parameters and those
of Zachariasen and Plettinger may be due to the lim-
ited sinf/A range of the latter study. Data for our
room-pressure refinement were collected to a maxi-
mum sind/A of 0.68A~' and fall closer to the 0.64A"!
Zachariasen and Plettinger value than to that of Le
Page and Donnay (0.99A~"). Le Page and Donnay
based their decision not to make a secondary ex-
tinction correction on a calculation derived from
Zachariasen (1963). To determine the effect of ex-
tinction on a reflection, its transmission factor is re-

2To receive a copy of Table 2, order Document AM-80-140
from the Business Office, Mineralogical Society of America, 2000
Florida Avenue, N.W., Washington, D.C. 20009. Please remit
$1.00 in advance for the microfiche.

quired. Transmission factors are commonly deter-
mined during the crystal X-ray absorption
correction, but no such correction was made by Le
Page and Donnay because of the crystal’s odd shape.
Therefore, their calculation to determine the neces-
sity of an extinction term must have been made as-
suming equal transmission factors for all reflections.
This incorrect assumption may have biased their cal-
culation, and therefore improperly suggested that no
extinction term was necessary. In addition, this
model tests only type I extinction, and Zachariasen
(1967) showed that the quartz crystal he studied in
1965 suffers from type II extinction as well. The re-
finement of a secondary-extinction parameter for our
data brought even the largest F,,, (10T) (which was
rejected in the two prior studies) into excellent agree-
ment with its F_,, (Tables 1 and 2), and decreased the
R values of all six of our refinements at the 0.005 sig-
nificance level (Hamilton, 1974). The temperature
factors in our 1 atm refinement are larger than in the
other 1 atm refinements or our high-pressure refine-
ments (performed with MoKa radiation and over a
larger sind/\ range). The thermal ellipsoid for Si is
nearly spherical, as shown by the approximately
equal RMS amplitudes [0.085(1), 0.085(1), 0.095(1)]
and the very large (~105°) errors on the angles that
describe the thermal ellipsoid’s orientation relative to
the crystallographic axes.

Grimm and Dorner (1975) suggest that the a—8
transition in quartz can be described as a simultane-
ous tilting of the tetrahedra around the twofold axes
perpendicular to ¢. They derive the following equa-
tion to quantify the tilt angle, §, in the quartz struc-
ture,

23 c6z—1

tan § = 9 7
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Table 3. Positional and thermal parameters of quartz at pressure

923

1 atm 20.7* 37.6 48.6 55.8 61.4
x(Si) 0.4697 (1 )** 0.4630(2) 0.4581(2) 0.4551(2) 0.4537(2) 0.4526(2)
x(0) 0.4135(3) 0.4111(6) 0.4079(6) 0.4061(6) 0.4047(5) 0.4034(6)
y(0) 0.2669(2) 0.2795(4) 0.2867(5) 0.2912(5) 0.2926(4) 0.2952(5)
z(0) 0.1191(2) 0.1095(2) 0.1039(3) 0.1012(3) 0.0998(2) 0.0987(3)
B(Si) .62(2) 0.44(2) .47(2) 0.51(2) 0.49(2) 0.49(2)
B(0) 1.05(2) 0.86(3) .88(3) 0.84(3) 0.80(2) 0.79(3)
811 (si)T 0.93(2) 0.70(4) 0.79(4) 0.87(4) 0.82(3) 0.84(4)
B22(Si) 0.78(2) 0.57(5) 0.68(5) 0.70(5) 0.74(4) 0.69(5)
£33(S1) 0.49(2) 0.35(2) 0.35(2) 0.39(2) 0.36(2) 0.39(2)
B13(Si) -0.001(7) 0.02(1) -0.05(1) 0.03(1) -0.02(1) 0.02(1)
B11(0) 1.90(6) 1.48(9) 1.55(10) 1.50(10) 1.53(8) 1.48(10)
B22(0) 1.44(5) 1.08(8) 1.23(9) 1.28(10) 1.17(7) 1.21(9)
B33(0) 0.83(3) 0.76(3) 0.69(3) 0.65(3) 0.62(3) 0.64(3)
B12(0) 1.06(5) 0.75(8) 0.75(10) 0.78(10) 0.79(8) 0.80(10)
813(0) -0.25(3) -0.34(6) -0.40(6) 0.42(6) -0.32(4) 0.27(6)
823(0) -0.35(3) -0.29(4) -0.32(4) 0.31(4) -0.30(3) 0.26(4)

*pressures reported in kbar unless otherwise stated.

**parenthesized figures represent esd's of least units cited.
ta11 anisotropic temperature factors, R's, are given x 10°.

B12 and Byy for Si are constrained to be 1/2 B,y and 2 By3, respectively.

Table 4. Selected interatomic distances and angles of quartz at pressure

1 atm 20.7*% 37.6 48.6 55.8 61.4
Intra-tetrahedral distances
Si-0 (R)** 1.605(1) 1.604(2) 1.601(3) 1.601(2) 1.600(2) 1.603(2)
si-0 (&) 1.614(1) 1.610(2) 1.610(2) 1.609(2) 1.611(1) 1.607(2)
<S$i-0> (R) 1.6092(7) 1.607(1) 1.605(1) 1.605(1) 1.605(1) 1.605(1)
Inter-tetrahedral distances
Si-Si (R) 3.05853(8) 3.0193(3) 2.9899(3) 2.9743(3) 2.9666(3) 2.9575(2)
Intra=tetrahedral distances
0-0 (k) 2.645(1) 2.645(3) 2.650(4) 2.655(3) 2.659(3) 2.664(3)
0-0 () 2.631(2) 2.634(3) 2.631(3) 2.625(3) 2.625(3) 2.619(3)
0-0 (R) 2.6171(7) 2.603(1) 2.592(2) 2.586(2) 2.584(1) 2.580(2)
0-0 (R) 2.612(2) 2.618(3) 2.614(4) 2.618(4) 2.614(3) 2.619(4)
Inter~-tetrahedral distances
0-0 (R) 3.331(2) 3.151(3) 3.038(3) 2.982(3) 2.953(3) 2.925(3)
0-0 (R) 3.411(1) 3.260(2) 3.165(3) 3.114(3) 3.092(2) 3.064(2)
Inter-tetrahedral angle
$i-0-5i (deg) 143.73(7) 139.9(2) 137.2(2) 135.8(2) 135.1(1) 134.2(1)
Intra-tetrahedral angles
0-51-01%deg} 110.52(6) 110.7(1) 111.3(1) 111.6(1) 111.8(1) 112.2(1)
0-51-0T (deg) 108.81(2) 108.15(4) 107.67(5) 107.31(5) 107.22(4) 106.97(5)
0-5i-0 (deg) 108.93(9) 109.4(2) 109.5(2) 109.7(2) 109.6(1) 109.5(2)
0-5i-0 (deg) 109.24(8) 109.7(1) 109.5(2) 109.4(2) 109.2(1) 109.1(2)
Quad, Elong. o 1.00019 1.00035 1.00067 1.00094 1.00112 1.00139
51044— Vol. (R%) 2.138 2.129 2.122 2.119 2.120 2.118

*all pressures are reported in kbar unless otherwise noted.
*%parenthesized figures represent esd's of least units cited.
trThis angle is one of two symmetrically equivalent angles within the tetrahedron.
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Table 5. Unit-cell parameters of quartz at pressure

a (R) e () v (R3)
T atm 4.916 (1)* 5.4054(4) 113.13(3)
20.7(5) kbar 4.8362(5) 5.3439(4) 108.24(2)
31. (1) kbar 4,785 (3) 5.307 (2) 105.26(8)
37.6(5) kbar 4.7736(7) 5.3010(4) 104.61(2)
48.6(5) kbar 4.739 (1) 5.2785(5) 102.66(3)
55.8(5) kbar 4,7222(5) 5.2673(6) 101.72(3)
61.4(5) kbar 4.7022(3) 5.2561(2) 100.65(3)

*
Parenthesized figures represent esd’'s of least units

cited.

where ¢ and a are unit-cell parameters and x and z
are oxygen coordinates. The values for this angle are
essentially equivalent for all three room-pressure
data sets (Table 1).

High-pressure structural studies

The changes in the crystal structure observed in
our experiments are consistent with the two previous
studies (Jorgensen, 1978; d’Amour e? al., 1979), but,
in addition, our increased precision has allowed us to
observe changes not seen in the other two experi-
ments (Table 4). Because we have determined indi-
vidual Si-O bond distances at pressure to a precision
of +0.002A, we observe a small change in the aver-
age Si—O bond length from 1.6092(7)A at one atm to
1.605(1)A at 61.4 kbar (Fig. 1). Both unique Si-O
bonds compress at about the same rate (Table 4). We
would not have expected Jorgensen’s refinements to
show this change, as his data are collected only to 28
kbar and his Si~O bond-distance errors are approxi-
mately 0.005A; these errors may partially reflect the
effects of Dauphiné twinning on his samples. The
d’Amour et al. data were collected to high enough
pressures (68 kbar) to determine the Si—O bond com-
pression; however, their errors on the Si—O distances
were £0.02A. The diamond cell used by d’Amour et
al. contained a sphere of Be (4 cm in diameter) with
holes drilled in it so that the crystal could be viewed
while under pressure. The spherical shape was used
so that a correction for X-ray absorption of the cell
would not be necessary; however, the holes in the Be
caused large enough deviations from a spherical
shape that an absorption correction should have been
made (Schulz and d’Amour, personal communica-
tion). This problem, combined with the fact that their
data were only collected out to 50° 26, were respon-
sible for the larger errors. In addition, their crystal/
gasket-hole size ratio is small when compared to
those normally used in our experiments. When a

crystal is too close to the gasket-hole edge, either the
incident or diffracted beam can be shielded, causing
systematic decreases in the intensities of some reflec-
tions.

The compressions of the five shortest non-tetrahe-
dral Si-O distances do not suggest structural move-
ment toward a six-coordinated Si site. The change in
the Si---Si distance (Table 4) is nearly linear over the
pressure range studied, 3.0585(1)A at one atm and
2.9575(2)A at 61.4 kbar. Several pairs of O-O dis-
tances decrease more than 0.34A, or about eleven
percent (Fig. 2). At 61.4 kbar these distances,
3.064(2)A and 2.925(3)A, are rapidly approaching
2.7A, the average O-O distance in many silicates at
ambient conditions. The common occurrence of this
value suggests that there may be a large increase in
repulsive energy when oxygens are forced closer than
2.7A.

The O-O distances within the silicate tetrahedron
diverge from the value for a regular tetrahedron as
pressure is increased (Table 4). The difference be-
tween, the longest and shortest distances is 0.033A at
one atm and 0.084A at 61.4 kbar. This increased tet-
rahedral distortion is also reflected in the O-Si-O in-
ternal tetrahedral angles, which are plotted in Figure
3 along with a dashed line at 109.47°, the internal
angle of a regular tetrahedron. The difference be-
tween the largest and smallest of the four symmetri-
cally distinct angles is 1.7° at one atm and becomes
5.2° at 61.4 kbar. This increased distortion is consis-
tent with the tetrahedral distortion observed in Jor-
gensen’s (1978) study, but was not observed in the
d’Amour et al. (1979) work. If distortion of the tet-
rahedron is measured by quadratic elongation (Rob-
inson et al., 1971) (Table 4), the percent increase gets
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Fig. 1. The change caused by pressure on the average Si-O
bond length of quartz.
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Fig. 2. The effect of pressure on the cavities in the quartz
structure. The Si-O-Si angle compresses from 143.73° at 1 atm to
134.2° at 61.4 kbar. The shortening of two long O-O interatomic
distances shown in this figure appears to be partially responsible
for the difference in compressibilities along the a and ¢
crystallographic directions.

larger at higher pressures (Fig. 4), ie, more dis-
tortion takes place between 50 and 60 kbar than be-
tween 1 atm and 10 kbar. Because a regular tetrahe-
dron occupies the greatest volume for any
tetrahedron of that average size, as it distorts its vol-
ume must decrease. Our experiments were not pre-
cise enough to show the change in volume due to dis-
tortion (Table 4), but we would predict that at higher
pressure this volume change would become signifi-
cant. The structural element responsible for the
anomalously high compressibility of quartz is the Si-
O-Si interbond angle, which decreases non-linearly
by ten degrees over the pressure range from 1 atm to
61 kbar (Figs. 2 and 5). At higher pressures the Si—
O-Si angle is responsible for less volume compres-
sion; however, the atomic rearrangement that causes
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Fig. 3. The pressure dependence of the four unique internal
tetrahedral angles (O-Si-O).
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Fig. 4. Increase in tetrahedral distortion with pressure as
indicated by quadratic elongation. The curvature of the data
indicates that the amount of distortion per kbar is greater at higher
prssures than at lower pressures.

the tetrahedron to distort gradually accounts for
more compression.

Finally, there is no significant change in the equiv-
alent isotropic temperature factor or orientation of
the thermal ellipsoid of Si with pressure; there may
be a small decrease in the size of the thermal ellip-
soid of O (Table 3). The temperature factor for Si
does become more anisotropic as pressure is in-
creased (in our lowest-pressure run), which is consis-
tent with the increased distortion of the tetrahedron.

Unit-cell and elasticity data

Pressure-volume data for quartz (McWhan, 1967;
Vaidya et al., 1973; Olinger and Halleck, 1976; Jor-

1 ¥ T T L T
8ol 1
_ BO} *: g
] -+
2
- -+
w
% 40+ jre
o
w
i
'3
o
20t * 1
D L L L L L +.{_
132 134 136 138 140 142 144

Si-0-Si ANGLE (deg)
Fig. 5. The pressure dependence of the flexible Si-O-Si angle.

The curvature of the data indicates a tapering off of the change in
this angle as pressure is increased.
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Fig. 6. Unit-cell volume normalized to the ambient unit-cell
volume for six compressibility studies of quartz.

gensen, 1978; d’Amour et al., 1979), plotted in Figure
6, show good agreement with the Birch-Murnaghan
curve calculated from the ultrasonically determined
values of the bulk modulus, K, and the pressure de-
rivative of the bulk modulus, K (McSkimin et al.,
1965). Isothermal (K and K%) values have been cal-
culated by fitting the P-V data to a Birch-Murna-
ghan equation of state for each data set, with all pres-
sures converted to Decker (1971) equation of state
values to facilitate comparison (Table 6). Values of
K and K calculated for the McWhan and Vaidya et
al. studies may differ from the others because both
used solid pressure-transmitting media, NaCl and in-
dium metal, respectively. However, calculations of
K and K% and graphs of V/V, vs. P do not give a
sufficiently accurate picture of the internal con-
sistency of the data.

In Figure 7 the c¢/a cell-parameter ratio is plotted
vs. P, with all symbols approximately the same size,
so errors in data are not represented. For the c/a ra-

Table 6. Elasticity data for quartz

Investigator Technique KT {Mbar )* KT
Levien et al. Single-crystal 0.38 (3)** 6. (2)
d'Amour et al. Single-crystal 0.365(9) 5.9(4)
Jorgensen Neutron-powder 0.364(5) 6.3(4)
0linger and Halleck Bridgman-anvil 0.38 (1) 5.4(4)
Vaidya et al. Piston-cylinder 0.347(1) 7.7(1)
McWhan Bridgman-anvil 0.445(2) 3.6(1)
McSkimin et al. UTtrasonic 0.371(2) 6.3(3)

*a11 values for Kp and KT’ determined from pressure-volume
data were calculated from a least-squares fit of the P-V
data to a Birch-Murnaghan equation of state.

-7/3 -5/3 -2,
p=32 10777 -y - se0 -k

gy = V/Vq.
**parenthesized figures represent esd's of least units cited.
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tio to increase with pressure, the ¢ direction must be
elastically stiffer than a. Using the single-crystal elas-
tic moduli and the pressure derivatives of these mod-
uli from McSkimin et al. (1965), the ¢/a ratio can be
calculated for high pressures. To make these calcu-
lations, lattice parameters are expressed as poly-
nomial expansions, which give notoriously bad lat-
tice-parameter extrapolations to higher pressures.
For quartz, such a calculation predicts that with in-
creased pressure the c/a ratio reaches a maximum
and then decreases at less than 100 kbar. Therefore,
on Figure 7 we have used Thurston’s (1967) extrapo-
lation formula, which is essentially linear over this
pressure range, although it does show a small amount
of similar curvature to our data and those of
d’Amour ef al. (1979). The Thurston (solid line)
curve diverges from the data at pressures as low as 60
kbar. This discrepancy reflects the need for either
second derivatives with respect to pressure of single-
crystal elastic moduli, or better extrapolation for-
mulae. The dashed-dotted curve on Figure 7 has
been drawn through the data from this study
(crosses) and those of Jorgensen (1978) (closed cir-
cles), and the dashed curve has been drawn through
the d’Amour et al. data (open circles) and shows a
parallel but systematically offset trend. The excellent
agreement at low pressures of our data and the curve
predicted by the elastic moduli gives us additional
confidence that our experiments were hydrostatic,
and that parameters such as bond distances and an-

+ This work
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Fig. 7. The c/a unit-cell parameter ratio as a function of
pressure for five compressibility studies of quartz. The solid line
has been determined from Thurston’s (1967) extrapolation
formula for the McSkimin ez al. (1965) elastic moduli. The dashed
curve is drawn through the d’Amour ef al. (1979) data, and the
dashed—dotted curve is drawn through the data from this study
and that of Jorgensen (1978).
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gles are consistent with the ultrasonic data. The
systematic differences between the high-pressure
d’Amour et al. unit-cell parameter ratios and ours
may have been caused by their crystal being poorly
centered (d’Amour, personal communication). The
Olinger and Halleck (1976) data (triangles), although
showing the proper trend, do not fall along a curve,
and the non-hydrostatic McWhan (1967) data
(squares) again give the correct general trend, but
show a great deal of scatter. Compensating errors in
these last two studies gave reasonable values for unit-
cell volumes, but only approximate unit-cell edges.

Discussion

Comparison of Si0, and GeO,

As pressure is increased, the geometry of the Si-
quartz structure becomes more like the room-pres-
sure Ge-quartz structure. The Si-O-Si angle goes
from 143.73° at one atm to 134.2° at 61 kbar, ap-
proaching the room-pressure Ge-O-Ge angle of
130° (Smith and Isaacs, 1964). The tetrahedral tilt
angle, 8, changes from —16.37° to —23.47°, as com-
pared to the room-pressure Ge-quartz & of —26.55°.
Finally, the O-Si-O angles within the tetrahedron
become more like those of the Ge structure under
ambient conditions. By 61 kbar the difference be-
tween the largest and smallest O-Si-O angles has in-
creased from 1.7° to 5.2°, approaching the 6.8° dif-
ference in the one-atm Ge analogue. Therefore,
rather than two different structural elements (Si-O-
Si angle bending and tetrahedral distortion) con-
trolling the compression of the two crystals, as sug-
gested by Jorgensen (1978), we actually see a contin-
uum. For the quartz structure, substituting Ge for Si
appears to have the same effect on the geometry of
the structure as increasing the pressure has. Because
we see Si—O bond shortening, we would predict some
compression of the Ge—O bonds; this was not ob-
served in the Jorgensen study.

Systematic changes in stereochemistry of quartz

Hill and Gibbs (1979) describe an apparent struc-
tural interdependence between the Si-O-Si angles
and both d(8i-O) and d(Si-:-Si) in silica polymorphs
as well as in silicates. The first relationship, —sec(Si-
0O-Si) o< d(Si-0), suggests that as the Si-O-Si angle
decreases the Si-O distance will increase. If true at
high pressures, it would predict that Si-O distances
might actually increase. In Figure 8 we have plotted
the regression line for the room-pressure data (Hill
and Gibbs) and the six points (crosses) determined in
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Fig. 8. Si-O bond length as a function of —sec(Si—-O-Si) for the
silica minerals. The line represents the trend shown in Hill and
Gibbs (1979) for the polymorphs measured under ambient
conditions; the crosses represent the data for quartz from this
study at six pressures, including room pressure. This relationship
does not persist at high pressure.

this study; this correlation does not persist with in-
creased pressure because a coupled decrease in the
Si—O-Si angle and the Si—-O distance is observed.

The second relationship in Hill and Gibbs, log
sin[(Si-O-S81)/2] o< log d(Si---Si), suggests that longer
Si---Si separations are associated with wider Si-~O-Si
angles. In Figure 9 the Hill and Gibbs regression line
for this relationship is drawn with our high-pressure
data (crosses). This relationship seems to hold better
than the first when applied to data other than those
obtained under ambient conditions.-More structural
data are needed on the silica polymorphs to test the
validity of this relationship and the importance of
non-bonded Si---Si interactions on structural changes
under general P-T conditions.

The structural changes that take place during ther-
mal expansion and isothermal compression are not
simple inverses. Although the quartz structure is of-
ten thought of as compressing and expanding solely
through changes in the Si-O-Si angle, as if it be-
haved like a simple spring, this is not the case. Fig-
ures 10 and 11 compare structural changes at elevated
temperatures and pressures by plotting unit-cell vol-
ume, at P or T divided by the ambient unit-cell vol-
ume, against the Si-O-Si angle and the tetrahedral
tilt angle, 8, respectively. For these calculations unit-
cell data at elevated temperatures were taken from
Ackermann and Sorrell (1974), and high-temper-
ature structural data were taken from Young (1962).
In Figure 10 there is a break in the slope of the lines
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Fig. 9. Plot of log d(Si - Si) vs. log sin[Si—-O-Si)/2] for the silica
polymorphs. The line represents the trend shown in Hill and
Gibbs (1979) for the silica minerals measured under ambient
conditions. The crosses represent the data for quartz from this
study, measured at six pressures including room pressure. This
relationship may hold for general P-T conditions.

connecting the high-temperature and high-pressure
points, suggesting that in these two regimes at least
partially different structural changes must be respon-
sible for the change of volume. In Figure 11 a hyper-
bolic curve shows that § increases rapidly as the a—f3
transition is approached, but decreases in magnitude
more slowly as unit-cell volume is decreased. Al-
though the high-temperature work is not definitive,
we conclude that the silicate tetrahedron does not
show inverse effects. As temperature is increased,
there may be a small increase in distortion (Young);
when pressure is increased, tetrahedral distortion in-
creases considerably. It thus appears that the volume
increase with temperature is accomplished through
changes in the Si-O-Si angle and §, whereas com-
pression seems to be accomplished by the Si-O-Si
angle and increasingly by tetrahedral distortion.

Systematic changes in elasticity of quartz

Several methods have recently been used to inves-
tigate the bulk and single-crystal elastic properties of
quartz from structural considerations. Ab initio calcu-
lations, made by modeling quartz from smaller mole-
cules, have determined a bulk modulus for quartz
close to the experimental values (O’Keeffe et al.,
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1980). We have investigated how atomic rearrange-
ments reflect single-crystal elastic properties. The
structural reason for the changing c¢/a cell-parameter
ratio (Fig. 7) can be seen in Figure 2, on which we
have drawn approximate crystallographic axes. One
of the rapidly changing O-O distances is nearly par-
allel to a; the other is approximately 45° between a
and ¢. Hence there is more compression of these dis-
tances in the g direction than in the ¢ direction, ex-
plaining the stiffer elastic nature of c.

The errors on the bulk modulus, K, and the pres-
sure derivative of the bulk modulus, K%, listed in
Table 6, are based on the assumption that the scatter
of the data from the curve being fit accurately repre-
sents the errors on the pressure and volume of each
point; this is often not the case (Bass et al., 1979).
When the errors associated with each point of our
quartz data are included in the analysis, K; and Kt
are very poorly constrained. Therefore, Bass et al.
have fixed the value of K. equivalent to the Reuss
bound, calculated from the acoustically determined
single-crystal elastic moduli (McSkimin et al., 1965)
and corrected for the difference between isothermal
and adiabatic experiments. Using a weighted fit of
our data, holding K; = 0.371(2) Mbar, they calculate
K%, = 6.2(1), in excellent agreement with McSkimin
et al.’s acoustic value of 6.3(3).

Using any two bulk elastic moduli, the elastic
character of an isotropic material (an ideal poly-
crystal) can be described. A common pair of such
moduli are Young’s modulus, E, and Poisson’s ratio,
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Fig. 10. The Si-O-Si angle of quartz as a function of unit-cell
volume at temperature or pressure normalized to room-pressure—
temperature volume. The break in slope at the room-temperature—
pressure point suggests that different structural changes cause the
volume change for increased temperature or pressure.
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o, which describe the lengthening and necking of a
rod under tensile stress. Poisson’s ratio can be written
in terms of K, the bulk modulus, and y, the shear
modulus: 6 = 3K — 2u)/2(3K + ). The Voigt
bound of K can be expressed as 1/9[a + 2b] where,
for the case of quartz, a = 2¢,, + ¢;; and b = 2¢,; +
ci» (cy’s are single-crystal elastic moduli); u can be
written as 1/15[a — b + 3c] where a and b are as
above, and ¢ = 2¢,, + ¢4. Therefore 0 = [a + 4b —
2c]/[4a + 6b + 2c]. The value of ¢ for quartz is 0.056,
yet for most minerals ¢ = 0.25. To understand why ¢
commonly equals 0.25, we assumed ¢ = 0.25 and
solved this equation. The result is that b equals c.
Therefore, for most minerals the sum of the pure-
shear elastic moduli (c) is approximately equal to the
sum of the off-diagonal shear moduli (b). In quartz
the ratio of b/c is 0.2 instead of 1.0 (McSkimin ef al.,
1965).

Single-crystal elastic moduli each describe the
structural deformation that takes place when a given
stress is applied to a crystal. The pure-shear elastic
moduli (¢, and cg) indicate the amount of shear
stress required to produce a unit shear strain in the
a—c plane (c,,) and the a,—a, plane (c.). One of the
off-diagonal elastic moduli, ¢,,, describes the stress
induced in the ¢ direction due to a strain parallel to g;
the other, c,, describes the similar coupling between
a, and the direction perpendicular to g, and c. When
a coil spring is shortened parallel to its axis, very
little stress is induced in a direction perpendicular to
the axis. Exactly such a change can be easily accom-
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Fig. 11. The tetrahedral tilt parameter for quartz, 8, as a
function of unit-cell volume at temperature or pressure
normalized to the room-temperature-pressure volume. The
hyperbolic shape of this curve suggests that tetrahedral tilting is
important to the change in unit-cell volume as the a—8 transition
is approached but has less effect as unit-cell volume decreases.

Fig. 12. Spirals of silicate tetrahedra parallel to ¢. These easily
expanding and contracting spirals behave like coiled springs and
are, therefore, responsible for the low value of Poisson’s ratio in
quartz.

modated by the quartz structure which is comprised
of tetrahedra repeated along threefold screw axes
parallel to ¢ (Fig. 12). When a length change occurs
parallel to ¢, the small value of c,; suggests that there
is a small concomitant change in a. In addition, if a
length change occurs parallel to a,, a small change in
the direction perpendicular to a, and c results. This
behavior dominates the elastic behavior of a poly-
crystal. We therefore believe the small value for Pois-
son’s ratio is caused by the easily expanding and con-
tracting spirals of tetrahedra which behave like
coiled springs. Thus for this relatively simple struc-
ture the shear moduli can be rationalized from struc-
tural considerations. Although this work provides
only a beginning, we hope that additional detailed
studies of crystal structures at high pressures, and the
relationships of structural changes to the single-crys-
tal elastic properties of the same materials, will even-
tually lead to general empirical relationships that
may help us to predict elastic properties of minerals
as they exist within the Earth.
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The crystal structure of klebelsbergite, Sb,0,(OH),SO,
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Via La Pira 4, 50121 Firenze, Italy

Abstract

Klebelsbergite is an antimony sulfate found at Felsébdnia, Hungary, and recently at Per-
eta, Tuscany, Italy. Crystal data are: a = 5.766(2), b = 11.274(2), ¢ = 14.887(2)A,; space group
Pca2,; Z = 4. The atomic positions were determined by direct methods and refined by least-
squares calculations to an R index of 0.045 for 1111 observed reflections.

The basic structural units are the Sb"'-O polyhedra and the SO, tetrahedron. Antimony
polyhedra show, as usual, intermediate features between the SbO,E tetrahedron and the
SbO,E trigonal bipyramid, where E indicates the unshared lone pair of electrons. These poly-
hedra are connected to each other by edge sharing to form Sb-O sheets parallel to (001). Ad-
jacent sheets are linked together by SO, tetrahedra and, indirectly, by H-bonds. Taking into
account anions and lone pairs, the volume occupied by each anion is similar to that found in
close-packed structures. A marked pseudosymmetry (towards the centric group Pcan) is pres-

ent in the Sb-O sheet.

Introduction

Klebelsbergite from Fels6bania, Hungary, was
first described by Zsivny (1929), however, the first
complete description of the mineral is by Nakai and
Appleman (1980). A second occurrence of klebels-
bergite, at Pereta mine (Tuscany, Italy), is reported
by Cipriani et al. (1980a). A synthetic compound
equivalent to klebelsbergite was prepared by Nakai
and Appleman by boiling Sb,0O, with sulfuric acid.
The same compound was also obtained by research-
ers of the Laboratoire de Chimie-Physique, Besan-
con, France (Douglade, personal communication).

In recent years several Sb>*-O compounds have
been structurally studied and much attention has
been directed towards the stereochemistry of ele-
ments with one unshared electron pair. Our work
was undertaken in order to contribute to the crystal-
chemistry knowledge of these compounds. Another
question was the full knowledge of the chemical
composition of klebelsbergite and if the true crystal-
chemical formula was Sb,0,(OH),SO, or
$b,0,S0, - H,0.

Experimental

For our study a small (approx. 0.1 X 0.1 X 0.5 mm)
colorless crystal was chosen from a sample we col-
lected at Pereta. Crystal data are: a = 5.766(2), b =

0003-004X/80/0910-0931$02.00

11.274(2), ¢ = 14.887(2)A, V=961.7A* Z=4,D, =
4.67 g cm™*, formula weight 681.1. The space group,
determined from the extinctions, is Pcam or Pca2,.
The latter is the correct one on the basis of the struc-
ture determination.

Intensities were collected with a Philips PW 1100
four-circle computer-controlled diffractometer (Cen-
tro di Cristallografia Strutturale del C.N.R., Pavia,
Italy), with MoKa radiation and the «-26 scan tech-
nique. A total of 1469 independent reflections, in the
range 2 < § < 30° were measured; only 1111 were
considered to be actually observed according to the
criterion F, > 50 (F,). Intensities were corrected for
Lorentz-polarization effects; an absorption correction
was carried out on the basis of the semiempirical
method proposed by North et al. (1968).

Structure determination and refinement

As statistical tests did not give a clear indication on
the absence of the symmetry center, the first attempts
to solve the crystal structure of klebelsbergite were
performed in the centric space group Pcam, which
was later found to be incorrect. Other difficulties
were presented by the incomplete knowledge of the
chemical composition. The structure was solved by
direct methods, using MULTAN (Main et al., 1974).
However, many successive three-dimensional Fou-
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Table 1. Klebelsbergite: fractional atomic coordinates and thermal parameters

e *® ¥ c eq? B B2. Bys B, Bis B2
Sb (1) 0.4789 (2) 0.3596(2) 0.25 1.18 59 (3) 29(1) 14(1) 5(2) 4(1) 1(1)
Sb(2) 0.3917(2) 0.0874(2) 0.0914(2) 0.86 60(3) 19(1) 9(1) 4(2) 0(1) 0 (1)
Sb(3) 0.1526(2) 0.4078(2) 0.4322(2) 0.84 56 (3) 20 (1) 9(1) 5(2) —2(1) 1(1)
Sb(4) 0.0483(2) 0.1412(2) 0.2673(1) 1.13 71(3) 26 (1) 13(1) 8(2) 6(1) -2(1)
s 0.6780(7) 0.2595(8) 0.5083(7) 1.18 64(12) 34(4) 11(2) -1(7) -7(6) 2(2)
o) 0.8525(25)  0.2505(14)  0.4312(14)  2.13  191(47) 65 (16) 6(6) 4(22) 15(17) 13(10)
0(2) 0.6400(27)  0.3877(12)  0.5285(10) 2.27  288(57) 17012) 24 (8) -2(21)  -32017) -1(7)
0(3) 0.4627(26)  0.2026(19)  0.4849(11)  3.87  137(47)  149(25) 25(8)  ~106(29) 2015)  -35(11)
0(4) 0.7742(25)  0.2015(15)  0.5899(13)  2.94  128(45)  125(18) 9(8) 77(22) 15(17) 28 (12)
0(5) 0.2856(30)  0.4627(15)  0.1823(15) 1.50 166 (53) 20(13) 15(9) 44(20) 1017 6(8)
o(6) 0.3077(24)  0.2026(17)  0.1821(12)  1.02 77 (46) 26 (13) 8(8) -17(19) 22(14) 1(8)
0(7) 0.4238(30)  0.4919(18)  0.3657(13)  1.42 53(42) 61(16) 5(7)  -41(22) 13(16)  -12(8)
0(8) 0.1178(24)  0.0069(16) 0.1642(14) 0.73 26 (40) 18 (13) 10(8) 6(18) =13(13) 5(8)
0(9) 0.2723(34)  0.0515(16)  0.3413(16) 2.22  268(59) 36(13) 14(10)  -26(23) -58(18) 1(9)
0(10) 0.1994(26)  0.3088(15) 0.3213(12) 1.04 98 (45) 16 (12) 1(8) -19(18) 21(13)  -13(8)
H(1) 0.301 0.513 0.129 4.00

H(2) 0.337 0.101 0.389 4.00

+ ' . X 2
Equivalent isotropic B (&“) calculated from anisotropic temperature factors, except for H(1) and H(2) where

B was not refined.

Form of anisotropic temperature factors (x104): exp - ( ‘3“h2+ B22k2+ B3312+2 B1zhk+2 B13hl+2 Bzakl)

rier syntheses were necessary to locate all non-hydro-
gen atoms. Some cycles of isotropic full-matrix least-
squares refinement led to R = 0.07. A weight W =
1/6 (F,) with o derived from counting statistics was
given to all observed reflections. Two more least-
squares cycles with the introduction of anisotropic
thermal parameters were carried out. A difference
Fourier synthesis at this stage did not give sure in-
dication for H atoms. The latter were therefore lo-
cated on the basis of crystal-chemical considerations,
along the donor-acceptor alignment at about 1.0A
from the donor oxygen atom. The positional and
thermal parameters of hydrogens were not refined.
The final R value was 0.045 for the observed reflec-
tions and 0.071 including “less thans.” Seven reflec-
tions were considered to be affected by secondary ex-
tinction and therefore excluded from least-squares
calculations. Scattering-factor curves for all atoms
and the anomalous dispersion coefficient for heavy
atoms were taken from International Tables for X-ray
Crystallography (1974, p. 99-101, 148-151).

The atomic positional and thermal parameters are
listed in Table 1, and a list of observed and calcu-
lated structure factors appears in Table 2.

Discussion

The basic structural units of klebelsbergite are the
Sb>*-O polyhedra and the SO, tetrahedron.

It is well known from the literature that anions
linked to an Sb>* atom are arranged all to one side of
the cation so that it is out of the center of its coordi-
nation polyhedron. This usually happens for ns*-ele-
ments which have one unshared electron pair. Two
ideal coordination polyhedra for Sb’* are the tetrahe-
dron and the trigonal bipyramid. In both instances a
vertex is supposed to be occupied by the lone pair of
electrons (E) which has the same volume as that of

' To receive a copy of Table 2, order Document AM-80-138
from the Business Office, Mineralogical Society of America, 2000
Florida Avenue, N.-W., Washington, D.C. 20009. Please remit
$1.00 in advance for the microfiche.
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an anion (Galy et al, 1975). Taking into consid-
eration anions and lone pairs, the structures of many
oxides and fluorides of ns’-elements can be consid-
ered as close packed. In the SbO,E model (tetrahe-
dron) there are three strong Sb-O bonds with dis-
tances of 2.0A. In the SbO,E model (trigonal
bipyramid) there are two equatorial and two axial
Sb-O bonds. According to Galy et al. (1975) the the-
oretical distances are 2.0 and 2.27A respectively,
while the corresponding theoretical angles are 92.2
and 151.5°. According to the same authors it is also
possible to calculate the theoretical position of the
center of the lone pair E, which should be approxi-
mately 1.1A distant from the Sb atom.

Bovin (1976) has collected the experimental Sb-O
distances found in 28 compounds; the analysis of
these values and of others found in subsequently
solved structures shows that the experimentally
found polyhedra show intermediate features between
the tetrahedron and the trigonal bipyramid. Indeed
only a slight displacement of the Sb atom out of the
equatorial plane of the trigonal bipyramid is neces-
sary to change four- to three-coordination.

Selected interatomic distances and angles in kle-
belsbergite are reported in Table 3. As also shown in
Figure 1, each of the four independent Sb atoms is
bound to four O atoms with distances ranging from
1.90 to 2.48A. The four polyhedra have very similar
Sb-O mean distances (from 2.10 to 2.14A), and all
exhibit arrangements intermediate between the
SbO,E and SbO,E models. However, the Sb(3) poly-
hedron resembles more a distorted tetrahedron than
a trigonal bipyramid, while the contrary happens for
the other three polyhedra. Two of the shortest dis-
tances (1.90 and 1.98A) are related to the hydroxyl
oxygens O(5) and O(9) which are linked to only one
Sb atom. Within the upper limit of 3.0A there are
few other Sb-O distances, not so far taken into con-
sideration: however, they are very long and likely re-
fer to very weak bonds.

The Sb-O polyhedra are tightly connected to each
other by edge sharing so as to form layers parallel to
(001). The values of the Sb-Sb distances between
contacting polyhedra, 3.5A or less, are similar to
those found in other structures, e.g. in SbsO,(SO.),
(Bovin, 1976). In the unit cell there are two parallel
Sb-O sheets connected by means of SO, tetrahedra,
and indirectly by means of H-bonds. Oxygens be-
longing to the SO, group are of two kinds: O(1) and
O(4) are linked also to an Sb atom, while O(2) and
O(3) are acceptors of a H-bond. Consequently, S-
O(1) and S-O(4) distances should be longer than S—

Table 3. Klebelsbergite: selected interatomic distances (A) and

angles (°)
Sb (1) Sb (3)
Sb(1)-0(5) 1.90(2) Sb({3)-0(7) 2.,08(2)
Sb(1)-0(6) 2.26(2) Sb(3)-0(10}) 2.01(2)
Sbh (1)-0(7) 2.30(2) Sb(3)-0{(1,2) 2.48(2)
Sb(1)-0{10) 2.01(2) 8b(3)-0(7,9) 2.00(2)
average 2512 average 2.14
S5b(1)-0(5,7) 2.86(2)¢ Sb(3)-0(2,9) 2.72(1)*
0(5)-0(6) 2.94(3) 0(7)-0(10) 21.5127(3)
0(5)-0(7) 2.86(3) 0(7)-0(1,2) 4.38(3)
0(5)-0(10) 2 751 (8) 0(7)-0(7,9) 2.89(2)
0{6)-0(7) 4.31(3) 0(10)=-0(1,2) 2.67(2)
0(6)-0(10) 2.47(3) 0(10)-0(7,9) 2.83(3)
0(7)-0(10) 2.52(3) 0(1,2)-0(7,9) 3.09(2)
0(5)-Sb(1)-0(6) = 891 2L 0(7)=-8b(3)-0(10) 76.2(7)
0(5)-Sb(1)=-0(7) 85.4(8) 0{7)-Sb(3)-0(1,2) 148.1(7
0(5)-Sb(1)-0(10) 89.1(7) 0(7)-5b(3)-0(7,9) 90.2(7)
0(6)=Sb(1)-0(7) 141.3(6) 0(10)-Sb(3)-0(1,2) 72.0(6)
0{6)-Sb(1)-0(10) 70.4(6) 0(10)-Sb(3)-0(7,9) 89.8(7)
0(7)-Sb(1)-0(10} 71.2(7) 0(1,2)-5b(3)-0(7,9) 86.6(7)
Shb(2) Sb(4)
Sb (2)-0(6) 1.94(2) Sh(4)~0(6) 2.08(2)
Sb{2)-0(8) 2.12(2) Sb(4)-0(8) 2.19(2)
Sh(2)~0(4,5) 2.32(2) Sb{4)-0(9) 1.98(2)
Sb(2)-0(8,8) 2.00(2) Sb(4)-0(10) 2.23(2)
average 21,10 average 2.12
Sb(2)-0(3,6) 25 89 (2 Sb{4)-0(1,2) 2.96(2)*
Sb(4)-0(9,10) 2.91(2)°*
0(6)-0(8) 2.48(3)
0(6)=-0(4,5) 2.77(2) 0(6)-0(8) 2.48(3)
0(6)-0(8,8) 2.97(2) Q(6)-0(9) 2.93(3)
0(8)-0(4,5) 4.28(3) 0(6)-0(10) 2,47(3)
0(8)-0(8,8) 2.89(2) 0(8)=-0(9) 2.83(3)
0(4,5)-0(8,8) 2.67(3) 0(8)-0(10) 4.16(3)
0(9)-0(10) 2.95(2)
0(6)~5b(2)-0(8) 75.2(7)
0(6)-8b(2)-0(4,5) 80.9(6) 0(6)-Sb(4)-0(8) 70.8(7}
0(6)-Sb(2)-0(8,8} 98.1(8) 0(6)-Sb(4)-0(9) 92.3(8)
0(8)-Sb(2)-0(4,5) 149.6(7) 0(6)-Sb(4)-0(10) 70.0(7)
0(8)~5b(2)-0(8,8) 88.9(7) 0(8)-Sb(4)-0(9) 85.2(8)
0(4,5)-Sb(2)-0(8,8) 76.0(6) 0(8)-8b(4)-0(10) 140.0(6)
0(9)-8b(4)-0(10) 88.7(7}
Hydroxyls S
0(5)-0(2,3) 2.88(3) 5-0(1) 1.53(2)
0(5)-H(1) 0.98 5-0(2) 1.49(2)
H({1)...0(2,3) 1.90 S-0(3) 1.44(2)
S-0{4) 1.49(2)
0(9)-0(3) 2.95(3) average 1.49
0(9)-H(2) 0.98
H(2)...0(3) 1.97 0(1}-0(2) 2.45(2)
0(1)-0(3} 2.45(2)
0(1)-0(4) 2,47(3)
. . . 0{2)-0(3) 2.41(2)
Cation-cation distances 0(2)-0(4) 2.42(2)
i’ 0(3)-0(4) 2.38(2)
Sb(1)-8b(3) 3.35(2)
Sb(1)-Sb({4) 3.51(2) 0(1)=-5-0(2) 108.2(9)
Sb(2)-Sb(4) 3.34(3) 0(1)=-5-0(3) 110.9(9)
Sb(2)-Sb(2,8) 3.49(3) 0(1)-5-0(4) 109.8(9)
Sb(2)-Sb(4,8) 3.78(3) 0(2)=-5-0(3) 110.7(9)
Sb(3)-Sb(3,7) 3.56(2) 0(2)-5-0(4) 108.4(9)
0(3)-5-0(4) 108.8(9)
S-Sb(2,4) 3.38(2)
5-Sb(3,1) 3.40(2)
§-5b(3) 3.64(2)

The equivalent positions (referred to Table 1) are desi-
gnated by the second number in parentheses and are (1) =
14x,y,2; (2)==1+x,y,2z: (3)=1-x,1-y,-1/2+2; (4)=3/2=-x,y,1/2
+z; (5)=3/2-%,y,-1/2+z; (6)=1/2-%,y,-1/2+z; (7)=1/2+x,1-y,
z: (8)=1/2+x,-y,2z; (9)==1/2+x,1-y,z; (10)=-1/2+x,-y,z.

*Largest Sb-0 distances (<3 2.
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Fig. 1. Klebelsbergite: a projection of the structure down the a axis.

O(2) and S-O(3). However, this is not entirely ful-
filled, as S-O(2) and S-O(4) distances have the same
length of 1.49A, which correspond to the S-O mean
value. On the other hand, other “very weak” bonds
(distances greater than 2.7A) are present between
antimony and oxygen atoms. The analysis of O-S-O
angles and of O-O edges shows some distortion in
the SO, tetrahedron. On the basis of an IR spectrum
Nakai and Appleman (1980) concluded that there
are several kinds of S-O bonds in klebelsbergite and
that the SO, tetrahedron is significantly distorted.
This statement is in agreement with our structural re-
sults.

As mentioned above, the connection between the
sheets is also achieved by means of H-bonds between
the hydroxyl oxygens O(5) and O(9) and the sulfate
oxygens O(2) and O(3) respectively. The O-O dis-
tances are 2.88 and 2.95A, so they can be considered
as weak H-bonds. The interlayer bonding should on
the whole be strong enough to generate good cohe-
sion also in this direction; in fact, the mineral has no
distinct cleavage (Nakai and Appleman, 1980).

This structure can be also considered on the basis
of the volume occupied by each anion. For this cal-
culation, according to Andersson et al. (1973), the
volume of the unit cell can be simply divided by the
number of anions and lone pairs. The value found in
klebelsbergite, 17.3A% compares well with 16.6A>
found in orthorhombic Sb,0, (Svensson, 1974),
16.8A° in Sb,0; - 2SO, (Mercier et al.,, 1975), and
16.3A% in Sb,(OH),(SO.), - 2H,0 (Douglade et al.,
1978). Therefore in klebelsbergite anions and lone
pairs are close-packed.

The electrostatic valence balance (see Table 4),
computed according to Brown and Kun Wu (1976),
is not fully satisfactory, especially for O(1) and
0O(10), which appear to be underbonded and over-
bonded respectively.

Klebelsbergite and the new mineral peretaite,
CaSb,0, (OH), (S0,), - 2H,0O (Cipriani et al., 1980b)
are the only naturally-occurring Sb sulfates. Among
the synthetic compounds, at least three anhydrous
and one hydrated Sb sulfates are structurally known.
None of the above compounds, however, has an
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Table 4. Klebelsbergite: electrostatic valence balance

Atom Sb(1) Sb(2) 5b(3) sb(4) 8 H(1) H(2) Sum
o1} 0.33 0.15 1.31 1.79
0(2) 0.22 1.47 0.18 1.87
0(3) 0.16 ii713] 015 2.04
0(4) 0.43 1.49 1912
1.07
5
0(5) 0.17 0.82 2.06
0(6) 0.49 0.96 0.71 2.16
0.87
o(7 0.45
(7) 0.73 2.05
0.82
0(8) 0.63 0.56 2.01
0.90
o(9
(9) 0.16 0.85 1.91
0(10) 0.82 0.85 0.52 2.19

Sum 3.00 3.00 3.00 3.00 6.00 1.00 1.00

atomic arrangement which, on the whole, resembles
the present structure. This point is discussed in the
paper dealing with the structure of peretaite (Men-
chetti and Sabelli, 1980).

A final noteworthy point is the presence of a
marked pseudosymmetry in the Sb-O sheet. The
pseudosymmetry element is an inversion center (at
approximately 1/4, 1/4, 1/4 in Fig. 1) which refers
Sb(1) to Sb(4), Sb(2) to Sb(3), O(6) to O(10), and so
on. It is interesting to compare some “symmetrical”
distances or angles. The only atoms which do not
obey this “symmetry” are the sulfate oxygens, espe-
cially O(2) and O(3). The pseudocenter, of course,
implies a pseudo glide plane parallel to (001), with
translation 1/2 a + 1/2 b, located at c =0 and 1/2 in
Figure 1. With these additional elements the symme-
try should be the corresponding centrosymmetrical
group Pcan. Actually the intensities of reflections Ak0
with # + k = 2n are stronger than the intensities of
the reflections with 2 + k = 2n + 1. In conclusion,
with the exception of a few oxygens, the structure of
klebelsbergite can be regarded as centrosymmetrical.
Should this structure be twinned, as generally occurs
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when such a pseudosymmetry is present, the (001)
plane would be the twinning plane.
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Abstract

Peretaite, a new calcium and antimony sulfate mineral, occurs as aggregates of colorless
tabular crystals in the antimony-bearing vein at Pereta, Tuscany, Italy. It is monoclinic, space
group C2/c, with a = 24.641, b = 5.598, ¢ = 10.180A, B = 95.95°. The calculated density is
4.06 g cm™. The cleavage {100} is perfect. Crystals are always twinned (100). Peretaite is bi-
axial (+) with mean refractive index 1.841. The five strongest lines in the X-ray diffraction
pattern are (d in A, I, hkl): 12.19 100 200; 6.12 21 400; 3.10 24 512; 3.06 67 800; 2.451 31 10.00.
On the basis of the wet-chemical analysis, the IR spectroscopy, the TGA spectrum, and espe-
cially the structure determination, the chemical formula is CaSb,0,(OH),(SO,), - 2H,0.

Introduction

In a paper dealing with a new find of klebelsber-
gite (Cipriani et al., 1980), some of us pointed out
that a new mineral is present among the accessory
minerals of the antimony-bearing vein at Pereta,
Tuscany, Italy. Further study fully confirmed the
thesis.

The new species, CaSb,0,(OH),(SO,), - 2H,0, is
named peretaite for the locality. Both the mineral
and the name have been approved by the Commis-
sion on New Minerals and Mineral Names, IMA.
Type specimens are deposited in the mineralogical
museums of Florence University (regional collection,
#164/1) and Pisa University.

Occurrence and paragenesis

The environment where peretaite was found has
been described by Cipriani et al. (1980). Peretaite oc-
curs, in small quantities, as aggregates of tabular
crystals in the geodes of a deeply silicified limestone
from “Calcare Cavernoso,” and also in the cavities of

0003-004X/80/0910-0936$02.00

columnar stibnite. Crystals of peretaite associated
with acicular crystals of klebelsbergite are shown in
Figure 1. Other associated minerals are stibnite,
quartz, calcite, pyrite, valentinite, kermesite, sulfur,
and gypsum. Aggregates of klebelsbergite crystals
and rarely of peretaite are often red from in-
crustations of valentinite. Unlike klebelsbergite,
which was found rather abundantly in the fissures of
the stibnite veinlets, peretaite occurs closer to the
boundary with limestones. The mineral, as well as
klebelsbergite, has apparently been formed by the ac-
tion of sulfuric acid on stibnite; the source of the cal-
cium in peretaite is likely the limestone of the coun-
try rock.

Chemistry

Preliminary qualitative analyses of peretaite were
made with an ORTEC X-ray microanalyzer and an
ARL SEMQ electron microprobe. However, since the
crystals decompose under the electron beam, micro-
probe results were considered not reliable for a quan-
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Fig. 1. Crystals of peretaite associated with acicular crystals of
klebelsbergite; the largest crystal is 1.5 mm long (photo P. B.
Scortecci).

titative determination, especially for sulfur. There-
fore a wet-chemical analysis was performed. About
20 mg of purified material was dissolved in 1:5 HCl
and diluted to 25 ml with distilled water. Calcium
was determined by atomic absorption spectrometry,
using a Perkin Elmer 303 instrument. Antimony was
determined by alternating current anodic stripping
voltammetry, on hanging-drop mercury electrode in
IM HCIL Total sulfur was potentiometrically titrated
with Pb(ClO,), and an ORION 94-82 lead ion elec-
trode. The water content was inferred from a TGA
spectrum. The result, given in Table 1, corresponds

Table 1. Chemical analysis of peretaite. All values are weight

percent
oxide (1) (2)
Sby05 68.31 69.09
cao 6.58 6.44
SO3 18.78 17.62
H,0 6.33 6.0
100.00 99.15

(1) Ideal peretaite

(2) From analytical results

937

Table 2. X-ray powder diffraction data for peretaite; d values are

in A
/15 dopg 9cale B k1 I/I5 dobs dcalc b k1
100 12.19 12.254 200 31 2.451 2.451 10 0 0
21 6.12 6.127 4 00 2.449 910
16 5.45 5.457 1710 17 2.068 2.066 820
5 4.85 4.851 -1 11 2.070 11 1 0
4 4.76 4.758 1711 ¥ 2.059 2.059 -8 0 4
5 4.08 4.085 6 00 2.058 6 0 4
5 3.68 3.688 5; i 0 16 1.878 1.878 -2 2 4
2 3.55 3.556 =511 1.877 02 4
140 58151 BLi516 =8l MR 3 1.858 1.859 8 0 4
3 Aa38 B8l 511 1.860 =10 0 4
5 3.35 3.354 -6 0 2 5 1.844 1.844 10 2 0
12 3.31 3.316 312 4 1.710 1.710 -14 0 2
24 3.10 3.098 -51 2 3 1.699 1.700 8 13| 2
67 3.06 3.064 8 00 4 1.684 1.684 -11 1 4
4 3.03 3.029 6 0 2 2 1.668 1.668 =5 3 2
4 2.967 2.968 72 (0] 1 1.609 1.609 -12 2 2
14 2.874 2.876 51 ELE2 2 1.604 1.604 14 0 2
12 2.799 2.799 0290 2 1.582 1.582 -5 16
m 25727 2.729 282 n0 2 1.556 1,556 316
5 2.696 2.698 021 2 1.549 1.549 8 2 4
20 2.532 2.532 -2 0 4 6 1.532 1.532 16 0 0
2.531 G 0 4 1 1.511 1.510 -16 0 2
4 1.397 1.3%6 17 1 0

to Ca, ,Sb. 1:S:6:0,sH;s & on the basis of 16 oxygens,
or ideally CaSb3*0,(OH),(S0,), - 2H,0 from the
structural results and the infrared spectrum. Indeed,
both the structural determination and the IR spec-
troscopy gave clear indications, the first without any
doubt, on the presence of sulfate groups as well as of
H-bonded water molecules and hydroxyl groups.

Crystallography

X-ray single-crystal study (Weissenberg camera
and single-crystal diffractometer) indicated Laue
symmetry 2/m. Systematic extinctions are consistent
with the space groups C2/¢ or Cc. The former, how-
ever, is the correct one from the structural study
(Menchetti and Sabelli, 1980b). All the examined
crystals appeared to be twinned with (100) as twin
plane.

The X-ray powder diffraction pattern (Table 2)
was obtained by means of a Philips diffractometer,
with CoKa radiation, NaF as internal standard, and
0.25° per min scanning speed. Indexing was per-
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Fig. 2. Typical habit of a peretaite crystal.

formed on the basis of single-crystal data and taking
into account the intensities of the reflections collected
for the structural study. In the powder pattern there
is a systematic enhancement of the intensities of #00
reflections because of a preferential orientation due
to the {100} cleavage. The unit-cell parameters, de-
termined from powder data by means of least-
squares calculations, are: a = 24.641(2), b = 5.598(2),
c = 10.180(DHA, B = 95.95(1)°.!

Peretaite crystals appear flattened (100) and some-
times elongated [001]. Two typical habits of peretaite
are shown in Figures 2 and 3. The observed forms
are {100}, {310}, {110}, {122}, {001}, {010}, {210},
{201}, {302}, and {601}. The largest crystals have
dimensions up to 5 X 2 X 0.5 mm.

Physical properties

Crystals of peretaite are transparent and colorless,
with vitreous luster and {100} cleavage. A density
>3.8 g cm™ was determined by the heavy-liquid
method; crystals seem to float in Clerici solution with
a density of about 4.0 g cm™. The calculated density
(for the ideal formula) is 4.06 g cm™. The micro-

! Lattice parameters used in the crystal structure determination
are those measured with a single-crystal diffractometer. They are
a = 24.665(4), b = 5.6006(9), ¢ = 10.185(1)A, B8 = 95.98(1)°.

CIPRIANI ET AL.: PERETAITE

indentation hardness (VHN) with a 15-g load is be-
tween 170 and 190 kg mm—2.

Crystals are optically biaxial positive (+) with a
very large axial angle. The value of 2Ea measured
with a universal stage, using hemispheres with refrac-
tion index of 1.649, is nearly 102°. The optical plane
is parallel to (010). By the prism method [(100) A
(310)] a first index of refraction of 1.841(1) was mea-
sured. The corresponding vibration direction makes
an angle of about 28° with the b axis. A second index
of 1.935(1) was measured for a vibration direction al-
most parallel to ¢. The mean index of refraction cal-
culated from the Gladstone-Dale relationship, using
the ideal chemical formula, the calculated density,
and the constants given by Mandarino (1976), is
1.841.

The TGA spectrum (taken under nitrogen atmo-
sphere) shows a weight loss of about 6%, which is at-
tributed to a dehydration reaction including both
H,O and OH. The tracing is not very sharp; however,
it seems possible to identify two successive steps in
the temperature range 200-240°C. This temperature
is about 60-70°C lower than that found for the corre-
sponding effect in klebelsbergite. In the latter, how-
ever, only OH groups are present.

100 310

Fig. 3. Another frequently encountered crystal habit. Sometimes
the form {001} is lacking.
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Fig. 4. Infrared absorption spectrum of peretaite.

The infrared spectrum was obtained from a potas-
sium bromide disc containing peretaite. The pellet
was heated at 120°C for two hours. The spectrum,
taken from 4000 to 400 cm™', is shown in Figure 4.
The sharp absorption at 3310 cm™' due to the O-H
stretching mode supports the presence of hydroxyl
groups, with H-bonds stronger than that of klebels-
bergite, which has the same peak at 3435 cm™'. The
occurrence of a very broad band, ranging from 3500
to 2500 cm™' with a maximum at about 3000 cm™',
and of a weak band at 1640 cm™, indicates the pres-
ence of water of hydration with strong H-bonds. In
klebelsbergite the corresponding peaks are absent: in
the structure of this mineral there are no water mole-
cules (Menchetti and Sabelli, 1980a). Of the SOz~
stretching vibrations, »,, v,, and », were observed, at
frequencies slightly different from klebelsbergite.
The presence of v, (at 975 cm™') shows that the sul-
fate tetrahedron is distorted. In addition », appears as
a single peak and », shows fewer structures than in
klebelsbergite: this may be due to the presence of the

inversion center in the structure of peretaite and to
more strict selection rules.
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Abstract

Peretaite, CaSb,0,(OH),(SO,), - 2H,0, crystallizes in the monoclinic space group C2/c,
with a = 24.665, b = 5.6006, c = 10.185A, B8 = 95.98°. The structure was determined by Pat-
terson and direct methods and refined by least-squares technique to a final R index of 0.037.
The dominant structural feature is the arrangement of the two independent Sb polyhedra
into sheets parallel to (100). The Ca ion is coordinated by six O and two H,O in a square anti-
prism. These polyhedra are edge- and corner-linked to SO, groups into chains which run par-
allel to the Sb—O sheets. The hydroxyl groups form hydrogen bonds between Sb-O sheets
and Ca-S chains; these bonds provide for the three-dimensional cohesion of the structure. An
interpretation of twinning with (100) as twin plane is given.

Introduction

Peretaite is a new sulfate of antimony and calcium
found at Pereta, Tuscany, Italy. Its chemical formula,
CaSb,0,(0OH),(S0,), - 2H,0, and other mineralogical
data have been reported in the preceding article
(Cipriani et al., 1980). It occurs a$ aggregates of tabu-
lar crystals, associated with quartz, pyrite, calcite,
sulfur, gypsum, and other antimony minerals, stib-
nite, valentinite, kermesite, and klebelsbergite. Kle-
belsbergite and peretaite are the only two Sb sulfate
minerals so far known.

This study was undertaken to solve the crystal
structure of peretaite and to investigate its possible
crystal-chemical relationships with the structures of
klebelsbergite (Menchetti and Sabelli, 1980) and of
other synthetic Sb sulfates such as the anhydrous
$b,0, - 2SO0, (Mercier et al., 1975), Sb,0, - 35S0,
(Mercier et al., 1976), Sb,0,(SO,), (Bovin, 1976), and
the hydrate Sb,(OH),(SO,), - 2H,O (Douglade et al.,
1978).

Experimental

For the X-ray structure analysis a small tabular
crystal (approx. 0.1 X 0.4 X 0.2 mm) was taken from
an original sample of peretaite. Monoclinic symme-
try and possible space groups C2/c and Cc were de-
termined by Weissenberg photographs. The centro-
symmetric space group C2/c was chosen for the
structure determination and was subsequently found
to be correct. The unit-cell dimensions, determined

0003-004X/80/0910-0940$02.00

from 25 high-angle reflections measured on a four-
circle automatic diffractometer, are a = 24.665(4),
b = 5.6006(9), c = 10.185(1)A, B = 95.98(1)°.

The sample used for intensity data collection and
all other crystals tested for X-ray work were found to
be twinned. Figure 1 reports the reflection popu-
lation due to the whole twinned crystal and referred
to reciprocal lattice levels with k = 2n (levels with &
= 2n+1 can be represented by a similar scheme with
h-odd lattice points occupied instead of h-even ones).
One can readily see that overlapping of points from
the two individuals takes place only in the lattice
rows with / = 4n. From the intensities of 363 pairs of
well-separated reflections (with / = 4n + 2) the rela-
tive volumes of the two members of the twin were
easily computed. The knowledge of the volume ratio
so determined (A/B = 3.55+0.02) allowed the com-
posite intensities of the overlapped reflections to be
subdivided into the intensities of A and B individ-
uals, by solving the following equations:

L= o+ If’k’l’
Lowr = I;.\'k'l' + Ifkl

where I is the observed intensity of the twinned crys-
tal and I* and I® are the intensities of the two super-
imposed reflections; h,k,l are the Miller indices of re-
flections belonging to the A individual and #' = —(h
+ %), K =k, I' = ] those of overlapped reflections of
the B individual of the twin. In conclusion, according
to Friedel’s (1926) notation, the crystals of peretaite

940
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Fig. 1. A layer of the reciprocal lattice of the twinned peretaite.
Numbering refers to & and / Miller indices, with k = 2n. The
black-dotted lattice belongs to a member of the twin (A
individual), the open-circled lattice to the other (B individual).

are twinned by pseudo-merohedry, with twin plane
(100), twin index 4, and twin obliquity 0.05°.

Intensities were collected on a Philips PW-1100
four-circle computer-controlled diffractometer (Cen-
tro di Cristallografia Strutturale del CNR, Pavia,
Italy), with graphite-monochromated MoKa radia-
tion, w26 scan technique, integration width of 1.5°
and scan speed of 0.1°/sec.

A total of 2044 symmetry-independent reflections
were measured within the limit of 26 < 30°; only
1808 reflections with F, > 54(F,), with ¢ derived from
counting statistics, were regarded as observed. The
intensities were corrected for Lorentz and polariza-
tion factors and for absorption, the latter being car-
ried out on the basis of the semiempirical method
proposed by North et al. (1968).

Structure determination and refinement

The four heavy-atom positions were determined
by direct methods using the computer program MUL-
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TAN (Main et al., 1974). The 250 largest normalized
structure amplitudes (E > 1.52) were selected as in-
put for the phase determination. Because of their
particular coordinates, the heavy atoms (mainly the
antimony atoms) contribute, in the structure-factor
calculation, almost entirely to the reflections with / =
2n. For this reason, in order to derive indications
about the oxygen atom locations, a three-dimen-
sional Patterson synthesis with /-odd reflections only
was computed. The introduction of the oxygen posi-
tions, recognized in this map, in the structure-factor
calculation allowed the /-odd refiections also to take
a sign. In the next Fourier map all missing oxygen
atoms were located and two cycles of isotropic full-
matrix least-squares refinement led to R = 0.07. The
observed structure factors were weighted by 1/6°
(F,). A difference Fourier synthesis calculated after a
cycle of anisotropic refinement (R = 0.037) yielded
the positions of hydrogen atoms. Subsequent least-
squares refinement was carried out using isotropic
temperature factors fixed at 4A? for hydrogen atoms.
Because of inconsistencies in their shifts, the hydro-
gen atom positions could not be refined. The last
cycle achieved convergence at R = 0.035 for the ob-
served reflections and R = 0.041 including “less
thans.” The scattering factors for all atoms and the
anomalous dispersion coefficients for heavy atoms
were taken from International Tables for X-ray Crys-
tallography (1974, p. 99-101, 148-151).

The atomic positional and thermal parameters are
listed in Table 1, and a list of observed and calcu-
lated structure factors appears in Table 2.'

Description and discussion of the structure

There has been remarkable interest in recent years
in the coordination of the Sb atom in Sb**-O com-
pounds. For a general treatment of this matter we re-
fer to the works by Andersson ef al. (1973) and Galy
et al. (1975), and also to the discussions of the struc-
tures of Sb,0,(S0O,), (Bovin, 1976) and of klebelsber-
gite Sb,0,(OH),SO, (Menchetti and Sabelli, 1980).

Taking into account the lone pairs of electrons (E)
in peretaite, the volume per oxygen and E is 17.4A%.
This figure compares well with the values found in
many Sb’*-O compounds, and in this way peretaite
also can be described as a structure having a close-
packing of anions and lone pairs.

! To receive a copy of Table 2, order Document AM-80-139
from the Business Office, Mineralogical Society of America, 2000
Florida Avenue, N.W., Washington, D.C. 20009. Please remit
$1.00 in advance for the microfiche.
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Table 1. Peretaite: fractional atomic coordinates and thermal parameters

+
Akom 3 y L Beq. By, B2 B3 Bia Bis B,
Sb (1) 0.29249(2) 0.50504 (7) 0.51525 (4) 0.79 2(0) 72 (1) 23 (1) 1(0) 2(0) 16 (1)
Sb (2) 0.31537(2) 0.05196 (6) 0.26706 (4) 0.65 3(0) 48 (1) 18 (1) 2(0) 2(0) -1(1)
Ca 0.50 0.1856(3) 0.25 0392 3(0) 83(5) 22(2) - 1(1) iz
S 0.4201 (1) -0.0163(2) 0.5184 (1) 0.94 3(0) 83(4) 23(1) -1(1) 1(1) 4(2)
0(1) 0.3600(2) 0.0049(9) 0.5276(5) 2.00 3(N 253(18) 49 (5) 3(3) 3(2) 1(8)
0(2) 0.4296(2) 0.0463(8) 0.3829 (4) 1.55 6(1) 142 (15) 36(4) 1(3) 4(2) 28 (6)
0(3) 0.4511(2) 0.1391(8) 0.6159 (4) 1.70 8(1) 121(14) 40(5) 3(3) -3(2) —23(6)
0(4) 0.4378(2) -0.2635(7) 0.5487(4) 1.52 10(1) 65(12) 33 (4) 1(3) -1(2) 7(6)
0(5) 0.4446(2) 0.5206(7) 0.3043(4) 1.30 5(1) 90(13) 39 (4) -4(2) 3(1) ~5(6)
0(6) 0.2609(2) 0.1778(7) 0.3871(4) 0.59 1(1) 68(11) 18 (4) -2(2) 4(1) -1(5)
0(7) 0.2625(2) 0.1787(6) 0.1146(4) 0.56 2(1) 52(11) 11(3) =3 2D -1(1 3(5)
0(8) 0.3394(2) 0.3860(7) 0.2667(4) 1.05 3(1) 66 (11) 41 (4) -3(2) 2(1) 1(6)
H(1) 0.450 0.600 0.210 4.00
H(2) 0.450 0.660 0.380 4,00
H(3) 0.382 0.420 0.285 a.00

*Equivalent isotropic B (gz) calculated from anisotropic temperature factors, except for H{1), H(2) and
H(3) where B was not refined.

. . 4 2 2 2
Form of anisotropic temperature factors (x10 ): exp ~-( B11h + Bzzk + 3331 +2 B1zhk+2 B13h1+2 8231(1)

Selected interatomic distances and angles are re-
ported in Table 3. In peretaite there are two crys-
tallographically distinct Sb polyhedra. The Sb(l)
polyhedron (of SbO,E type) shows a trigonal bi-
pyramidal arrangement with one of the equatorial
corners occupied by the lone pair E. The two axial
Sb-O distances are somewhat different (2.206 and
2.336A), but their mean value of 2.271A, as well as
the values of 98.0° and 141.0° (equatorial and axial
angles) correspond well to 2.27A, 92.2°, and 151.5°,
the respective values of the theoretically derived
model (Galy et al., 1975).

On the contrary, the Sb(2) polyhedron is of the
SbO,E type and can be described as a tetrahedron
with the lone pair at one corner and O(6), O(7), and
O(8) on the others. As one can see in Table 1, both
Sb-O and O-O distances show a narrow range of
variation, as well as O-Sb-0O and O-0-0O angles; this
constancy agrees with a tetrahedral approximation of
the polyhedron.

Each Sb(1) polyhedron shares edges with two sym-
metry-equivalent Sb(1) polyhedra (through the sym-

metry centers at 1/4, 1/4, 1/2 and 1/4, 3/4, 1/2), to
form edge-by-edge chains running in the b direction.
The oxygens of Sb(2) polyhedron are: O(6) belonging
to a chain, O(7) of the adjacent chain, and the hy-
droxyl oxygen O(8). In this way Sb(1) chains result
cross-linked by the Sb(2) polyhedra, to make dense
Sb-O sheets. These sheets, two per unit cell and par-
allel to (100), account for the platy habit of the crys-
tals. A view of the structure looking along the sheets
is shown in Figure 2.

The calcium atom, on the two-fold axis, binds
three pairs of sulfate oxygens and one pair of water
oxygen, to form a distorted square antiprism (Fig. 2).
Ca-O distances range from 2.419 to 2.508A. Each Ca
polyhedron is connected to four surrounding SO,
groups by edge and corner sharing. This linkage pro-
duces Ca-S zig-zag chains running in the ¢ direction
(Fig. 3). Connections between Ca-S are provided by
H-bonds, with O(5) water oxygen acting as donor
and O(3) and O(4) as acceptors.

The formula unit of peretaite can be regarded as
the summation of a formula unit of klebelsbergite
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Table 3. Peretaite: selected interatomic distances (A) and angles (°)

Sb (1) Ca H(1)-0(5)-H(2) water
Sb(1)~-0(6,3) 2.011(4) 2 Ca-0(5) 2.419(5) 0(5)-0(3,7) 2.721(6)
Sb(1)=-0(7,5) 2.040(4) 2 Ca-0(2) 2.440¢(5) 0(5)-H(1) 1.08
Sb(1)-0(7,6) 2.206(4) 2 Ca-0(4) 2.468(4) H(1)...0(3,7) 1.75
Sb(1)-0(6) 2.336(4) 2 Ca-0(3,2) 2.508(5) 0(5)-0(4,1) 2.789(6)

average 2.148 average 2.459 0(5)-H(2) 1.10
SDY=OKBLEY 2ETECU S H(2)...0(4,1)  1.83
Sb(1)-0(8) 2.967(5) ¢ 0(5)-Ca-0(2) 70.7(2)
0(5)-Ca-01(4,2) 89.4(2) 0(3,7)-0(5)-0(4,1) 109.8(2)
0(6)-0(6,3) 2.547(6) 0(5)-Ca-0(3,2) 133.6(1) H(1)-0(5)-H(2) 108
0(6)-0(7,5) 2.863(5) 0(5)-Ca-0(2,4) 145.8(2) 0(5)-H(1)...0(3,7) 147
0(6)-0(7,6) 4.283(6) 0(5)-Ca-0(4,8) 74.7(1) 0(5)-H(2)...0(4,1) 144
0(6,3)-0(7,5) 3.056(6) 0(5)-Ca-0(3,8) 115.8(2)
0(6,3)~-0(7,6) 2.854(5) 0(5)-Ca-0(5,4) 78.3(2)
0(7,5)~-0(7,6) 2.484(5) 0(2)-Ca-0{(4,2) 90.7(2)
0(2)-Ca-0(3.2) 78.2(2) 0(8)-H(3) hydroxyl
0(6)=-sb(1}-0(6,3) 71.3(1) 0(2)-Ca-0(2,4) 142.7(2) 0(8)-0(5) 2.691(6)
0(6)=-Sb(1)-0(7,5) 81.4(1) 0(2)-Ca-0(4,8) 9557 (2) 0(8)-H(3) 1.07
0(6)-Sb(1)-0(7,6) 141.0(1) 0(2)~-Ca-0(3,8) 74.9(2) H(3)...0(5) 1.64
0(6,3)~5b(1}-0(7,5) 98.0(2) 0(4,4)-Ca-0(3,2) 56.9(1)
0(6,3)-Sb(1)-0(7,6) 85.0(2) 0(4,4)-Ca-01(4,8) 159.6(2) O(8)-H(3)...0(5) 170
0(7,5)-Sb(1)-0(7,6) 71.5(1) 0(4,4)~Ca-0(3,8) 143.4(2)
0(3,4)~-Ca-0(3,8) 87.0(2)
Cation-cation distances (<3.8 &)
Sb(2)
Sb(1)-Sb(1,9) 3.447(2)
Sb(2)-0(8) 1.963(4) 2 Sb(1)-Sb(1,3) 3.538(2)
Sb(2)-0(6) 2.035(4) S-0(2) 1.466(5) Sb(1)=-Sb(2,6) 3.571(2)
Sb(2)-0(7) 2.048(4) S-0(3) 1.473(5) Sb(1)-sb(2,3) 3.650(2)
average 2.015 S~0(4) 1.475(4) Sb(1)~Sb(2) 3.997(2)
Sb(2)~-0(1) 2.778(5) ¢ S-0(1) 1.500(5) Sb(1)-sSb(2,5) 3.718(2)
Sb(2)-0(1,8) 2.796 (5) ¢ average 1.479
Sb(2)-0(2) 2.938(5) ¢ Sb(2)-S 3.463(2)
0(8)-0(6) 2.666(6) 0(2)-0(3) 2.433(6)
0(8)-0(7) 2.594 (6) 0(2)-0(4) 2.415(6) Ca-S(,2) 3.063(2)
0(6)-0(7) 2.779(5) 0(2)-0(1) 243817 (7)) Ca-5 3.709(2)
0(3)-0(4) 2.396(6)
0(8)-Sb(2)-0(6) 83.6(2) 0(3)=0(1) 2.449(7)
0(8)~Sb(2)-0(7) 80.6(2) 0(4)-0(1) 2.429(7)
0(6)=-Sb(2)-0(7) 85.8(2)
0(2)-5-0(3) 111.8(3)
0(7)-0(6)=~-0(8) 56.9(1) 0(2)-5-0(4) 110.4 (3)
0(6)-0(7)-0(8) 59.3(1) 0(2}-5-0(1) 107.2(3)
0(6)-0(8)-0(7) 63.8(2) 0{3)=-5-0(4) 107.0(3)
0(3)-5-0(1) 111.0(3)
0(4)-5-0(1) 109.5(3)

The equivalent positions (referred to Table 1) are
are (1) = x,1+y,2; (2) = 1-x,-y,1~z; (3) =
(6) = x,1~-y,1/2+z; (7) = x,1-y,~1/2+z;

’Largest Sb-0 distances (<3 8).

1/2-x,1/2-y,1-2;
(8) = x,-y,-1/2+z;

designated by the second number in parentheses and
(4) = 1-x,y,1/2-2; (5) = 1/2=-x,1/2+y,1/2-2;
(9) = 1/2=-x,3/2-y,1-z.

with a formula unit of gypsum. Each calcium atom in
gypsum, as in peretaite, is surrounded by one pair of
water molecules and by three pairs of oxygen atoms
belonging to SO, groups. Moreover the a axis of gyp-
sum (5.670A) is comparable with the b axis of pere-
taite (5.6006A). However, there are no other similar-
ities between the structures of these two minerals. In
gypsum (Cole and Lancucki, 1974) the Ca polyhedra

are directly and strictly linked to each other to form
chains, connected in their turn by SO, groups to form
sheets. In peretaite on the contrary the Ca polyhedra
are isolated and form chains by the connection with
SO, tetrahedra.

The sulfate group shows the usual tetrahedral con-
figuration, slightly distorted. The longest S-O dis-
tance involves O(1), which is further “bonded” twice
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&

Fig. 2. The structure of peretaite projected down the b axis. Thermal ellipsoids are scaled at the 50% probability.

to the Sb(2) atom. Since these Sb(2)-O(1) distances
(2.778 and 2.796A) are to be considered very weak
bonds, a shorter S-O(1) distance would be expected.
The charge deficiency of O(1) is clearly shown by the
electrostatic valence balance (Table 4), computed ac-
cording to Brown and Kun Wu (1976). A similar im-
balance was also observed for the sulfate oxygens of
klebelsbergite.

As already said, the hydrogen atoms of the water
molecule make two H-bonds among the Ca poly-
hedra. The water oxygen O(5) in turn is the recipient
of a third H-bond from the donor O(8). The hydroxyl
oxygen belongs to the Sb-O sheet, and its role is par-
ticularly relevant for the cohesion of the structure. In
fact this H-bond is the only “strong” bond between
Sb-O sheets and Ca-S chains. The antimony—oxygen
interaction due to Sb(2)-O very weak bonds (2.778,
2.796, and 2.938A) and some van der Waals inter-
actions further contribute to hold the structure to-
gether.

This kind of three-dimensional connection, based

on two-dimensional Sb-O elements, is different from
that found in the structures of the known Sb sulfates.
The structure of Sb,0, - 2SO, (Mercier et al., 1975)
consists of molecular units linked to each other by
van der Waals interactions and can then be consid-
ered as a molecular structure. The atomic arrange-
ment of Sb,(OH),(SO.,),  2H,O (Douglade et al.,
1978) is also organized in “molecular units,” but the
linkage among them is assured by H-bonds. The
structures of Sb,0, - 38O, (Mercier et al., 1976) and
Sbs0,(S0.), (Bovin, 1976), on the contrary, are char-
acterized by one-dimensional elements: a sort of
double chain built by both SbO, and SO, polyhedra
in the first instance and a “cylindrical unit” of SbO,
polyhedra in the second. These one-dimensional ele-
ments are held together by Sb—O weak interactions
and by van der Waals forces. As in peretaite, the ar-
rangement of Sb-O polyedra in klebelsbergite takes
place according to two-dimensional elements; the
sheets of klebelsbergite however are built in a differ-
ent way and their connection is made directly by
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Fig. 3. A projection of peretaite down the a axis. Zig-zag Ca-S
chains running in the ¢ direction are shown.

means of SO, groups. In addition to the above sul-
fates, many other Sb synthetic compounds are struc-
turally known. Some of these, such as the chloride
oxide Sb,0O,Cl, (Sirnstrand, 1978), show Sb**-O
polyhedra arranged in two-dimensional nets, as in
the peretaite and klebelsbergite structures.

Table 4. Peretaite: electrostatic valence balance

Atom Sb(1) Sb(2) Ca S H(1) H(2) H(3) Sum
0.20

o(1) 0.19 1.40 1.79

0(2) 0.15 0.26 1.56 195

0(3) 0.22 1.52 0.22 1.96

O(4) 0.25 1.52 0.20 ("co7

0(5) 0.27 0.78 0.80 0.23 2.08
0.85

0(6) 0.43 0.78 2.06
0.80

o(7) 0.56 0.76 2.12
0.21

0(8) 0.15 O3 0,77 2.05

(100)

Fig. 4. A view of twinned peretaite: the A and B individuals of
the twin are drawn with solid and dashed lines respectively. The
unit cells are also outlined.

As concerns the change of the atomic arrangement
responsible for the twinning, it seems clear that the
(100) twin plane pre-exists as a “pseudo” symmetry
operator in the Sb-O sheet, owing to the particular
coordinates of atoms involved. These “rigid” struc-
tural slabs of an individual of the twin are practically
interchangeable with those of its mate. As Figure 4
illustrates, the real change in the atomic arrangement
takes place in the “soft” part of the structure, starting
from the SO, tetrahedron and affecting mainly the
Ca polyhedra.
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Abstract

Tiragalloite occurs as small orange grains in veinlets cutting black massive aggregates of
braunite and quartz from an abandoned manganese mine at Molinello near Chiavari, Li-
guria, Italy. The veinlets also contain quartz, manganiferous calcite, parsettensite, albite, and
at least one other new mineral related to tiragalloite but containing essential vanadium in-
stead of arsenic. Tiragalloite is optically biaxial, positive, « = 1.745(5), B = 1.751(3), y =
1.760(5), 2V, = 38-46°, non-pleochroic. The theoretical formula, derived from crystal-struc-
ture determination, is Mn,[AsSi,O,,(OH)], and the formula derived from 29 microprobe
analyses is (Mn; 909Cag 077F€0.013)[(ASo 844 Vo.116)910,2(OH)]. Density (meas.) 3.84(6); (calc.)
3.829 g cm™>. The crystals are monoclinic, P2,/n, with a = 6.66(1), b = 19.92(2), ¢ = 7.67(1)A,
B = 95.7(1)°; the most intense lines in the powder pattern are (as d, I, hkl) 6.299 (24) 110;
4.742 (60) 101,130; 3.267 (71) 210,032,122; 3.149 (50) 220; 3.042 (66) 061,151; 3.006 (100)
221,042,122; 2.496 (64) 062,171,013. In the crystal structure, the most characteristic feature is
the presence of an arsenatotrisilicate ion (AsSi;0,,0H)®", comprising four tetrahedra linked
together to form a chain fragment. This new ion is an extension of the trisilicate (Si;0,0)®” ion
with an additional As-centered tetrahedron linked to it. This example is the first of a new se-
ries of minerals. The name is for Paolo Tiragallo (b. 1905), a distingnished amateur mineral-
ogist.

Introduction

The manganese mines in Eastern Liguria, Italy,
are well known to mineralogists and mineral collec-
tors for their wealth of fine specimens of colorful and
interesting minerals, such as rhodonite, tinzenite,
parsettensite, and sursassite (Di Colbertaldo, 1970, p.
172-175; Cortesogno et al., 1979). Recently, Mr.
Mario Antofilli, an enthusiastic mineral collector
from Genoa, gave the authors a few interesting sam-
ples which had been found several years ago in a
manganese mine at Molinello, near Chiavari, Li-
guria. The mine is now abandoned.

A preliminary examination of the powder pattern,

0003-004X/80/0910-0947$02.00

and a microprobe analysis, indicated the possibility
that this was a new species; however, more informa-
tion was necessary (Gramaccioli et al,, 1979a). For
this purpose, after much effort, a single crystal splin-
ter was isolated from the matrix and an X-ray crystal
structure analysis was completed (Gramaccioli et al.,
1979b). The crystal structure confirmed the nature of
a new mineral, and this paper reports the full miner-
alogical data. We have named the new mineral tira-
galloite in honor of Mr. Paolo Tiragallo, a distin-
guished amateur mineralogist and dean of the
Mineral Collector Group in Liguria, an enthusiastic
group of amateurs, whose activity led to the discov-
ery of tiragalloite and other interesting species.
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The mineral and the name have been approved by
the IMA Comission on New Minerals and Mineral
Names. Type material is preserved in the collections
of the Institutes of Mineralogy at the University of
Rome (Italy) and Oslo (Norway); a fine specimen,
from which the analyzed samples have been derived,
has been deposited at the City Museum of Natural
History, Milan.

Occurrence

Tiragalloite occurs as small orange grains enclosed
in brownish to orange veinlets, about one millimeter
thick, cutting a black Mn ore made up mainly of
quartz and braunite, with traces of serpentine. In
these veins, which have almost no cavaties, tiragal-
loite practically never shows idiomorphic crystals.
The grains, measuring up to 1.5 mm in length but
usually much smaller (0.2-0.4 mm) are either iso-
lated, surrounded nearly invariably by quartz, or
grouped together into small aggregates measuring up
to 4-6 mm in diameter. The grains occasionally show
an elongated shape. They are intimately associated
with a number of other minerals, especially quartz,
manganiferous calcite, parsettensite, and other new
silicates related to tiragalloite but containing essen-
tial vanadium. For one of these, medaite,
Mn,[VSi;0,s(OH)], we have solved the crystal struc-
ture and have found that it is related to tiragalloite.
This name has also been approved by the IMA Com-
mission on New Minerals and Mineral Names, and
final refinement of the crystal structure is in progress.
The association of all these minerals is often so in-
timate that considerable difficulty is encountered in
obtaining X-ray diffraction powder patterns free
from lines due to impurities (see below), and obtain-
ing a pure crystal fragment for X-ray analysis has
been difficult.

Only fresh unaltered boundaries between tiragal-
loite and the other minerals are observed, except
against manganiferous calcite, where a fine spongy
rim shows alteration of tiragalloite grains.

Physical properties

Tiragalloite is orange to yellow in thin section.
Hand specimens of the mineral are decidedly orange,
sometimes with a tendency towards brownish (in the
latter case, some intergrowth with similar species
containing vanadium occurs, and the brown color
might not be actually due to the tiragalloite). The
mineral has a subadamantine luster. It is transparent
in thin section and translucent in small splinters.

GRAMACCIOLI ET AL.: TIRAGALLOITE

There is a good cleavage along {100} and a distinct
parting normal to the elongation.

The density, measured by flotation in dilute Clerici
solution at room temperature, is 3.84+0.06 g cm™.
This value compares favorably with a calculated
value of 3.829 g cm™ from unit-cell and chemical
analysis data; for the pure end member (i.e. with no
substitution for As and Mn) the calculated value is
3.860 g cm >,

Tiragalloite is only slightly soluble in HNO,, giv-
ing the solution a light pink color, and insoluble in
HCl or H,SO..

Tiragalloite is biaxial, positive, with 2V, = 38-46°;
these values for the axial angle have been obtained
from measurements on the universal stage (6 deter-
minations with the stage in orthoscopic setting). The
indices of refraction are: a = 1.745+0.005, B =
1.751+0.003, y = 1.760+0.005; these have been mea-
sured in white light, using small flakes oriented for 8
on the universal stage. From this value and the mea-
sured birefringence (obtained from a thin section, us-
ing a Berek compensator) a« and y have been ob-
tained.

The orientation of the indicatrix is approximately
parallel to the crystallographic axes, witha = a, b =
B, ¢ = v. The angle between « and the cleavage pole
is 5-6°; the elongation is positive.

No pleochroism has been observed. In some cases,
twinning has been detected under the microscope; it
is symmetric, with the twin plane coincident with the
cleavage plane. The axial dispersion is inclined, in
agreement with the monoclinic symmetry.

The geometric mean of the refraction indices,
1.752, 1s in substantial agreement with the calculated
value (1.763) according to the Gladstone-Dale rule,
using the new constants proposed by Mandarino
(1976); there is consequently good agreement be-
tween data from X-ray crystallography, chemical
analysis, and optical measurements.

X-ray data

The unit-cell dimensions of tiragalloite are a =
6.66(1), b = 19.92(2), ¢ = 7.67(DA, B = 95.7(1)°.
These data have been determined and refined from
60 reflections given by a single crystal, mounted on a
Syntex PI automatic diffractometer, with 26 around
50°, using MoKa radiation (A = 0.7107A). For this
refinement a least-squares procedure was followed,
and the standard deviations reported above are de-
rived from the residuals and the inverse matrix of the
normal equations.
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From the Laue symmetry of the reciprocal lattice
(2/m), and extinctions (0k0: k = 2n + 1 and A0l h +
!l =2n + 1) P2,/n symmetry is indicated unambi-
guously. This symmetry has been confirmed by solv-
ing the crystal structure. The number of formula
units per cell is 4, and all the atoms are in general po-
sitions.

The crystal structure has been solved and refined
to an R index of 0.049 for 1777 independent reflec-
tions; the procedure and the results have been re-
ported elsewhere (Gramaccioli er al., 1979b). The
most interesting feature is the presence of an arse-
natotrisilicate ion (AsSi,0,,0H)-*" composed of four
tetrahedra linked together to form a chain fragment.
This new ion is an extension of the trisilicate
(Si,0,0)*" ion with an additional AsO, tetrahedron.
This example is the first of a new series of minerals
allied to sorosilicates, where the length of the chain
fragments is considerably extended. Curiously
enough, there are other atoms besides Si at the center
of the tetrahedra; such tetrahedra are found only at
one extremity of the chain fragment. The new min-
eral medaite represents a second example of these
ions [ie. a vanadopentasilicate (VSi;O,;OH)">~ with
five SiO, tetrahedra joined together into a chain frag-
ment, plus an additional tetrahedron with central
vanadium, in part replaced by As]. In the crystal
structure of these minerals, there are a series of hy-
drogen bonds linking the chain fragments to each
other (from end to end), and this may be an essential
stabilizing factor for this kind of species.

X-ray powder diffraction data are reported in
Table 1. The indices in Table 1 have been assigned
on the basis of comparison with single-crystal data,
and when a peak is a superposition of several reflec-
tions, only the three most intense peaks (if more than
5 percent of the total) are listed, in order of impor-
tance. In such cases, the recalculated distance in the
third column is a weighted average of these peaks. In
view of the large absorption factor, the agreement be-
tween observed and calculated data must be consid-
ered satisfactory. Note that, with complex structures
of low symmetry such as the present case, only a pro-
cedure of this kind can insure correct indexing.

In all the powder patterns obtained thus far, mod-
erately strong lines at 12.440 and 2.93-2.95A are
present. The single exception is the pattern obtained
from a Gandolfi camera, which does not show the
line at 12.440A; even in this pattern, however, the
line at 2.93A persists. They are surely due to the pres-
ence of impurities, such as parsettensite (Mn-stilp-

nomelane) and manganoan calcite, because they do
not match any significantly strong reflection recalcu-
lated from single-crystal data.

Crystal chemistry

Electron-microprobe analyses were made using a
LINK system model 860 energy-dispersive analyzer,
with on-line matrix corrections by the ZAF-4 pro-
gram. The system is mounted on an ARL-EMX probe
at Geologisk Museum, Oslo. The analyses are based
on metal standards (for As, V, Fe, Mn), wollastonite
(for Ca), and quartz (for Si). Twenty-one spot analy-
ses were completed on one grain, and 8 additional
analyses were made of randomly chosen spots on as
many grains in the same thin section. The results
(Table 2) show within-grain variation to be as large
as inter-grain variation.

The ideal formula of tiragalloite as derived from
crystal structure analysis is Mn,[AsSi,O,,(OH)]. The
collected data are accurate enough to detect and lo-
cate the hydrogen atom, and the presence and na-
ture of water in the mineral is therefore completely
clarified. If partial substitution of Mn by Ca and
Fe and of As by V is assumed on the basis of the
analytical results, then from the experimental ratios
Mn/Ca, Mn/Fe and As/V a formula such as
(Mn;,405Ca, 077 F€0.013)[(AS0 544 ¥V 0.116)51,0 ,(OH)] can be
deduced. Unless otherwise specified, the physical
properties reported here for the new mineral are cal-
culated from this formula.

The agreement between the analyzed composition
and that derived from X-ray data is quite satisfac-
tory. A still better agreement might be obtained if
one assumes partial replacement of (As,V) by Si,
since the analytical data are relatively too high in Si
and too low in As or V. However, there are three
good reasons for considering such replacement to be
unlikely: (1) the final difference Fourier does not
show any evidence of substitution of As atoms by
much lighter atoms (Gramaccioli et al., 1979b); (2)
the As-O and Si—O bond length averages in tiragal-
loite (1.693 and 1.627A, respectively) are in close
agreement with the average values (1.686 and
1.623A, respectively) reported by Ferraris (1970) and
Smith and Bailey (1963) for arsenates and metasili-
cates with no substitution of As for Si; the partial
substitution of vanadium for arsenic should not af-
fect these considerations, since the As-O and V-O
bond lengths are very similar; (3) there is apparently
no way to reestablish charge balance, unless some
oxygen around As is replaced by OH or F, or some
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Table 1. X-ray powder diffraction data for tiragalloite

(1) (2) (3)

d I d I d I hkl
6.298 14 6.299 24 110
4.979 18 4.97 m 4.991 16 031,040
4,779 21 4.77 m 4.742 60 101,130

4,114 if R
3.514 34 3.53 m 3.523 30 051,022
3.43 w 3.420 16 150, 141
3.258 100 3.28 s 3.267 71 210,032,122
3.151 73 3.15 s 3.149 50 220
3.118 25 3.115 27 211
3.034 72 3.03 m 3.042 66 061,151
3.003 72 3.00 s 3.006 100 227,042,122
2.889 31 2.89 s 2.904 43 211
2.846 30 2.85 w 2.845 35 132,237
2.782 40 2.78 w 2.804 24 167
2.736 54 2.74 s 2.738 39 052
2.695 31 2.685 14 231
2n6ef] @25 2.663 24 071,247
2.608 65 2.60 w 2.606 49 212,202,152
2.529 29 2.53 w 2.530 21 261,222
2.499 45 i
2,489 s5g 249 s 2.496 64 062,177,013
2.472 14 257,152
2.440 29 2.437 20 023,103,171
2.348 18 260,033
2.316 11 222,242
24296 1T 2.272 16 072,113,103

(1) (2) )
d il a I d i nkl

2.189 21 2,183 28 307,310

2.157 22 2.160 11 320,270
2.112 13 277,172

2.062 21 2.074 16 143,082
2.008 10 191,182,063

1.993 10* 1.991 17 280,312

1.975 8% 1.979 7 153

1.853 16 1.852 11 342,024,192

1.822 10 1.825 10 272,367,312

1.756 28 1.761 16 0.11.1,044

1.742 1% 1.744 11 145,124,1.11.0

1.718 10#* 1.721 10 342,323,253
1.709 12 134,2.10.0,1.11.7
1.692 18 273

1.69% 18 1.688 22 1.11.1,183,2.10.7
1.674 9 371

1.659 40 1.661 14 400,0.12.0,263

1.654 27 1.653 16 410,343
1.621 22 0.12.1,245,292

13605 i 1.590 16 193,381

1.413 17 (?)

1.408 18 1.409 21 135,442,392
1.386 9 471,145,373
1.379 131 452,480,2.13.7
1.297 11 325,354,1.,15.0

1) Diffraction pattern obtained from a powdered sample,using Cu K radiation.

2) Diffraction pattern obtained from a single grain, using Fe Ky radiation,and a Gandeolfi camera.

3)

angles,using a program written by C.M.G.

specimen holder instead of a Schliephake specimen holder.

The symbols

Recalculated diffraction pattern from single-crystal data, assuming Cu Ka radiation and a resolving power of 0.1° in ©
Reflections marked with an asterisk are relative to another nearly identical powder pattern,obtained using a Niskanen

s,m, and w for the intensity refer to strong,medium,and weak, respectively.

vacancies are present. However, if some OH replaces
oxygen, some variation in bond length should ap-
pear, and this is not observed. A Si-F bond is un-
likely in non-fumarolic minerals. The energy of for-
mation of oxygen vacancies in structures of this kind
is usually so high as to preclude them in substantial
number.

For all these reasons, we believe that no sub-
stantial replacement of (As,V) by Si occurs in tiragal-
loite, and some overestimation of silicon and under-
estimation of arsenic (and vanadium?) has occurred
in the chemical analysis. Note, however, that these
over- or underestimates are well within the limits of a

reasonable uncertainty even in the best analytical re-
sults of this kind.

Conditions of formation

Tiragalloite is the only known example of a min-
eral containing non-isolated AsO, groups; no such
examples are known in nature even for phosphates,
with the possible exception of kehoeite (McConnell,
1964). This probably depends on the ease of hydroly-
sis of polyphosphate or polyarsenate ions relative to
complex silicates, polyarsenates being even more un-
stable than polyphosphates (Emeleus and Sharpe,
1978, p. 314-315). The conditions nearly universally



GRAMACCIOLI ET AL.: TIRAGALLOITE

951

Table 2. Electron microprobe analyses for tiragalloite. All results are in weight percent

On 1 grain (n spot=21) On 8 grains

SiO2 32.27 (31.85-33.36) 32.68 (31
FeO 0.14 ( 0.00- 0.38) 0.25 (o
MnO 48.47 (47.83-49.58) 48.01 (47
CalC 0.79 ( 0.63- 1,02) 0.66 (o
As205 16.00 (15.06-17.28) 16.27 (15
VEOS 1.73 ( 1.17- 2.26) 1.53 [
H20

Total 99.39 99.40

(n spot=8) Average (g) Theoretical (1-2)

.94-33.28) 32.38%0.19 30.86 30.66
.00- 0.54) 0.17+0.05 0.16 -

.36-48.71) 48.34%0.21 47.49 48.26
42- 0.79) 0.75%0.06 0.74 -

.76-16.84) 16.07+0.12 17.40 19.54
.19- 1.82) 1.67£0.09 1.81 -

1.54 1.53

99.38 100,00 100.00

The theoretical results are relative to calculated formula

(1),or to the As-rich end member (2),respectively.

encountered in the earth’s crust apparently favor the
existence of crystal structures with isolated AsO, or
PO, groups.

Consequently, the physicochemical conditions
leading to formation of tiragalloite must be quite ex-
ceptional (the mineral is rare, even at Molinello), and
they should especially disfavor hydrolysis. Such re-
quirements point to relatively low temperatures and
high concentrations in solution (or, in other words,
relatively low fugacity of water). The low temper-
ature is indirectly confirmed by the absence of mu-
tual substitution between As and Si, which might be
important in other arsenate-silicate minerals but is
probably insignificant for tiragalloite.

There are, of course, several stabilizing factors be-
sides the network of hydrogen bonds. The presence
of vanadium might be important, since this element
is even more likely than As or P to form complex
ions by joining up VO, tetrahedra. Such ions can also
be found in nature [ie. in the mineral chervetite,
Pb,V,0;, described by Bariand e al. (1963) and
Kawahara (1967)]. From this point of view, it might
be interesting to know whether the pure As-contain-
ing tiragalloite is stable enough to be found in na-
ture. Another favorable condition can be recognized
by considering that the AsQ, group is linked to an
Si0,, instead of to another AsO, tetrahedron, thereby
forming an intermediate structure between complex
arsenates (unstable in nature) and complex silicates
(very stable in natural conditions). The difficulty for
the AsO, group to link with the other tetrahedra is
shown by its presence at one extremity, rather than in
the middle of the chain segment (a similar situation
occurs in medaite).

Ardennite is another manganese silicate occasion-
ally present in some alpine and subalpine deposits.

It also contains Ca,Mg,Al, and essential As and V,
the last two elements substituting for each other. In
its crystal structure a trisilicate group (Si,0,,)* is
present, together with isolated (As,V)O, and SiO, tet-
rahedra (Donnay and Allmann, 1968); water is pres-
ent in amounts around 5 percent.

In view of the similarity in crystal structures and
chemical composition, it might be inferred that these
two minerals can be formed in lieu of one another,
the determining factor very probably being con-
nected with conditions which favor or disfavor hy-
drolysis.
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Abstract

The structures of the minerals alunite KAIL(S0,),(OH); and crandallite
CaAlLy(OH)4[PO;(0,,,(OH),,,)], have been investigated from a geometric standpoint. The
similarity of this structural type with the pyrochlores A,, . M,0, or A,M,0; is shown. The
framework KAl (OH),Oy is strongly related to the host lattice M,0, i.e. M,O,,: it is built up
from distorted hexagonal tungsten bronze layers Al,(OH)O; similar to the M,0, layers ob-
served for pyrochlores, and from KO, layers which correspond to the MO, layers of pyroch-
lores. The stacking sequence of the Al,(OH),0, and M;0, layers is however different in both
structures; it yields, due to the tilting of the octahedra, a coordination number 12 for K* in
the KO, layers, while M of the MO, layers is characterized by an octahedral coordination.

The crystal structure of the mineral alunite
KAIL(S0,),(OH), has formed the subject of several
publications (Hendricks, 1937; Pabst, 1947; Rong
Wang et al., 1965). Crandallite CaAl,(OH) PO,
(0,,,(OH),,,)], (Blount, 1974) has a structure analo-
gous to alunite. Recently Moore and Araki (1977)
have shown that the structure of mitridatite
Ca(H,0), [Fel'O4(PO,),] - 3H,0 is topologically dis-
tinct from, but related to, alunite. Although this
structure is now definitely established, no relation
with other structural types has been observed. The
present paper describes the relations between this
structure and that of pyrochlore, A,M,0,, which
forms an important group of minerals whose classifi-
cation and nomenclature has recently been revised
by Hogarth (1977).

The comparison of the hexagonal cell of alunite
(@s = 7A and ¢, = 17A) with the cubic cell of py-
rochlore (a. = 10A) admits the relations:

ay =a,/2=7A and ¢,, = a./3 = 17A

The symmetry of alunite is in fact rhombohedral
R3m with a close to 60°. Note that the cubic pyro-
chlores (Fd3m) can be equivalently described in a
rhombohedral cell with the same dimensions as those
of alunite and characterized by the same space group
R3m. From these considerations, it appears that the
formula KAL(OH)«(SO,),, related to the rhombo-
hedral cell of alunite, should be compared with
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AM,0,, for pyrochlores, where A is a large cation
(R > 1A) and M is a metal in octahedral coordina-
tion.

The atomic parameters of pyrochlores AM,QO, re-
ferred to the corresponding hexagonal cell, are listed
in Table 1. They demonstrate that there is a similar-
ity between the frameworks KAl (OH),O, and
M,O,,, where Al and M atoms both have the same
octahedral coordination. Previous studies on non-
stoichiometric pyrochlores A,,.M,0, (Babel er al,
1967; Michel et al., 1973) have shown that the sev-
enth oxygen atom of the A,M,0, compounds is not
indispensable to the stability of the structure. This
can be considered as built up from a host lattice
M,O,, i.e. M,0;, M = W, Ta, or Nb) based on octa-
hedra, where the A cations (K*, Rb*, TI") are in-
serted. This host framework can also be described as
built up from two sorts of layers, M;O, and MO,,
which are normal to the (111) direction of the cubic
cell. The M,0, layers, made from corner-sharing oc-
tahedra, are in fact distorted hexagonal tungsten
bronze sheets previously described by Magneli
(1953). The examination of the (001) planes of the
hexagonal cell of alunite shows that the latter type of
layer is also observed in alunite and crandallite (Fig.
la) and has the composition ALL,(OH).0,. The MO,
and Al(OH),0, octahedra are almost regular in both
the pyrochlore and alunite structures; they are tilted
about ¢, or (111)_ with approximately the same in-

953
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Table 1. Atomic parameters for alunite (Rong Wang et al., 1965) and pyrochlore AB,O¢ (Michel, 1974) referred to the hexagonal cell of
the R3m space group

Alunite (a = 6.97 ,:., c =17.27 ;) Pyrochlore (a = 7.28 1:, c = 17.84 ;)
Position Atom X ¥ z Atom x ¥ z
3 (a) K 0. 0. 0. M 0. 0. 0.
9 (d Al 0.5 0. 0.5 M 0.5 0. 0.5
6 (c) s 0. 0. 0.3030 A 0. 0. 0.375
6 (c) 0o(1) 0. 0. 0.3844
18 (h) 0(2) 0.2180 -0.2180 -0.0588 0 0.2067 -0.2067 =-0.2717
18 (h) OH 0.1247  -0.1247  0.1416 0 0.1267 -0.1267 0.1883

clination with respect to that direction (18° for alu-
nite, 17° for crandallite, and 15° for pyrochlore), dif-
fering from the hexagonal tungsten bronzes layers
(Fig. 1b), whose octahedra are not (or only slightly)
tilted about the ¢ axis. The hexagonal tungsten
bronze layers (HTB) are lying at levels z = 1/6, 3/6,
and 5/6 of the hexagonal cell and, in a particular
structure, correspond one with another by the trans-
lation vectors of the R3m space group. Therefore, in
each compound, there are three different states a, S,
and y for the HTB layers, according to their configu-
ration with respect to the Ox and Oy reference axes
of the hexagonal cell. The three states are shown in
Figure la.

Thus, the structural analysis and comparison of
the structures of alunite type and pyrochlore type can
be achieved in two different ways. The projections of

a y
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the HTB layers at the same level z are identical in
both structures but the tilting$ of the octahedra about
the ¢, axis are in the opposite direction, so that both
host lattices cannot be superimposed. Another way of
comparison by means of HTB layer types (a, 8, or y);
with the same tilting direction, shows a different
stacking order along c,: a 8 y sequence in the py-
rochlore and y 8 a sequence in alunite type.

Thus, the stacking of the Al;(OH),0; or M,0, lay-
ers along c,, or (111), is comparable: two consecutive
layers are derived one from the other by a gliding of
a./ /3; the gliding directions are however different in
both structures (Fig. 2): they are oriented at 180° one
from the other. Starting from a HTB layer, chosen as
a reference, a pyrochlore type structure is obtained
from the stacking HTB; HTB (+ t ); HTB (— t ), while
the alunite type structure agrees with HTB; HTB

(b

Fig. 1. Comparison of the M;0, and Al;(OH)¢O; octahedral layers of (a) alunite and pyrochlore with that of (b) hexagonal tungsten
bronze (HTB). The references a, 8, and y show the three possible positions of the distorted HTB layers in the alunite and pyrochlore

structures.
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ta)
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(b

Fig. 2. Stacking of two adjacent distorted HTB layers (a) in pyrochlore (b) in alunite and crandallite.

(—t); HTB (+t) where t = (1/3)ay + (2/3)by. As a
consequence, the main difference appears on the KO,
and MO, layers connecting two consecutive M,0, or
AL(OH),0, layers. The tilting about ¢, in the blocks
“M,O,;” of three corner-sharing octahedra defines
two sorts of triangles whose apices are oxygen atoms
located at the surface of a layer—small triangles
noted A and large triangles noted B (Fig. 1a); this is
in contrast to the ideal hexagonal bronze structure,
where all the triangles are equivalent (Fig. 1b). The
different stacking modes generate two sorts of sites
which are available for M and K cations. In pyroch-
lore, two A triangles belonging to neighboring M,0,
sheets are one above the other, forming an octahe-
dron (Fig. 3a) whose ternary axis is parallel to the
(111), direction, where the M ion is located. An
analogous disposition is obtained for the B triangles
in alunite, forming trigonal antiprisms (Fig. 3b)
where the K* ions (or Ca** in crandallite) are lo-
cated. In fact, the opposite directions of the tilting of
octahedra in Figures 3a and 3b lead to a six-coordi-
nated M cation in pyrochlore, while K* (or Ca®*) is
twelve-coordinated in alunite, since the oxygen
atoms which are common to the octahedra of a
“M,0,,” group are not at the same z level in both
structures: they are neighbors for K*, but not for M.
The polyhedra KO,, can be considered as built from
flattened octahedra KO, (antiprisms) having the
same disposition in KO, layers as the MO, octahedra
in MO, layers. Both structural families can thus be
regarded as forming strongly related host lattices
which are built up from the stacking of MO, and
M,O, layers along (111). for the M,O,, framework
(Fig. 4a) and from the stacking of KO, and

Al (OH)0; layers along ¢, for the alunite framework
(Fig. 4b).

These frameworks delimit cavities which are dif-
ferent in each structure. In the case of pyrochlore, a
large triangle B is sited directly above and below the
hexagon formed by six octahedra (Fig. 2a), while for
alunite such a hexagon is surrounded on both sides
by small triangles A (Fig. 2b). Hence the cavities of
the pyrochlore structure, bounded by 18 oxygen
atoms, are limited by the hexagonal crowns of six oc-
tahedra and the “M,0,,” blocks of two successive
M,Q, layers (Fig. 5a) and share their distorted hexag-
onal faces, forming tunnels parallel to the (110}, di-
rection. In the non-stoichiometric pyrochlores
A...B,O,, the large A cations (K, Rb, Cs, Tl, etc. . . .)
are located inside these cavities, whereas they are lo-
cated on the common faces in A,M,0, pyrochlores,

(a) by

Fig. 3. Coordination of M and K™ respectively in MO, and
KOj; layers: (a) the MO¢ octahedron of pyrochlore; (b) the KOg
antiprism of alunite; the K* ion has however six additional close
neighbors at equal distances, belonging to the “M;0,5” blocks
above and under the antiprism.
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PRI
va

{a)

(b

Fig. 4. Stacking of (a) the MO; and M,Og layers in pyrochlore as seen along [110]y, (b) the KO, and Al;(OH),O; layers in the alunite

as seen along [110];,.

(b)

(ta)

Fig. 5. The cavities bounded by 18 oxygen atoms and (or)
hydroxyl groups (a) in pyrochlore (b) in alunite.

the seventh oxygen atom being situated at the center
of the cavities.

The cavities of alunite are less open so that the
tunnels no longer exist. Among the 18 oxygen atoms,
we can consider that 9 have nearly the same dis-
position as in pyrocholore (Fig. 5b). The other nine
atoms belong to the A and B triangles which are per-
muted from one structure type to the other. Each
cavity contains one “SO” or “PO” group. The oxy-
gen atom of this group is directed towards the dis-
torted hexagonal face so that it forms, with the three
oxygen atoms of the A triangle, a tetrahedron where
the sulfur or phosphorus atom is located.

These structural relations show the importance of
the hexagonal tungsten bronze framework, which
can be considered as an elementary part of the struc-
ture of a great number of compounds. The possibility

of intergrowths of alunite and pyrochlore structures,
corresponding to different stackings of the M,0, and
Al,(OH),0, layers, should be considered.
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Abstract

Chemical analytical data have been obtained for kraisslite and mcgovernite. Kraisslite con-
tains both trivalent and pentavalent arsenic in the weight ratio of 3:4. Specimens from differ-
ent parageneses have relatively invariant chemical compositions, which suggests some degree
of ordering of Mg, Mn, and Zn. The average of five analyses yields MgO 2.6, MnO 52.0, ZnO
8.6, Fe,0; 2.0, As,0, 6.69, ALO, 0.2, As,O5 10.35, Si0O, 12.9, H,O 3.68 percent, totalling 98.9
percent, and yielding the empirical formula Fe3*Mg,Mn,,Zn(AsOs),(AsO,)(Si0),2(OH);6.
Ferric iron is present in both kraisslite and mcgovernite. Additional analyses of mcgovernite
give the average MgO 11.5, MnO 42.2, ZnO 9.3, Fe,0, 1.7, As,0, 4.6, As,0; 12.5, Si0, 9.2,

H,0 9.1 percent, totalling 100.1 percent.

Introduction

Kraisslite and mcgovernite are both very complex
magnesium manganese zinc arsenosilicates which are
known only from Sterling Hill, New Jersey. Kraiss-
lite was described by Moore and Ito (1978), who pro-
posed the tentative formula (Mnj%,Mg, sFel;),.Zn,
(As0,).(8i0,)s(OH),,. While obtaining chemical
analyses of schallerite (another complex arse-
nosilicate composed of the same elements) for a sepa-
rate study, we included samples of kraisslite and
mcgovernite as control samples. Our results are at
variance with existing data concerning the chemical
composition of kraisslite.

Analytical methods

The samples were chemically analyzed with an
ARL-SEMQ electron microprobe, utilizing an oper-
ating voltage of 15 kV and a beam current of 0.15
pA. The standards were manganite for Mn, synthetic
ZnO for Zn, olivenite for As, and hornblende for Mg,
Fe, Al, and Si. The data were corrected with a modi-
fied version of the MAGIC-4 program.

Special attention was given to the determination of
arsenic and its state of oxidation. Separate samples
were used to determine trivalent and total As. Pen-
tavalent As was calculated by difference. The tri-
valent As was distilled directly as the trichloride, fol-
lowed by titration with iodine (Lundell e al., 1951, p.
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374-378). To obtain total As, FeSO,, used as the re-
ductant, was added to the sample before distillation
with HCL. The iodine solution for the titration of the
distilled As was standardized against known quan-
tities of As carried through the procedure in a man-
ner like that used for the unknowns. The procedure
was checked against solutions containing 0.5 mg/ml
As, cither in the trivalent or pentavalent state. Re-
coveries from standards of 4.00, 4.02, 4.01, 4.07 and
4.02 mg As’* were 4.00, 4.00, 4.03, 4.08 and 4.00 mg
As, respectively.

We tested for reduction of pentavalent As during
distillation without the reductant and it appeared to
be minimal. Variation between duplicate samples of
unknowns was usually 0.2 percent or less. The proce-
dure we used is as follows: Transfer a sample con-
taining 3-5 mg As to the distilling flask together with
175 ml HCL. For total As, also add 15 g FeSO,. With
the condenser outlet immersed in 100 ml distilled wa-
ter, distill over 100 ml of the acid. During this proc-
ess, keep the distillate cold by means of a surround-
ing ice-water bath. Remove the distillate and
neutralize with cold concentrated NaOH solution.
One drop of methyl red will serve as a good in-
dicator. Cool again and just reacidify with 1:1 HCL
Add 20 ml saturated NaHCO, solution, 5 ml starch,
and 4-5 g solid KI. Titrate with 0.01 normal stan-
dardized iodine to the first pink endpoint. Correct the
titration for a blank run on the same reagents.
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Kraisslite

Subsequent to its original description, kraisslite
has been found in a number of different parageneses,
indicating a broader range of associations than the
original thin films and lenses. We briefly describe
these parageneses for the analyzed samples, all from
Sterling Hill, which remains the only locality for
kraisslite. It was not determined whether or not
kraisslite is in equilibrium with the associated miner-
als.

NMNH 144262. The sample consists of very thin
foliae in fractures in willemite-franklinite ore
which contains up to 10 percent holdenite by vol-
ume. Kraisslite occurs in contact with willemite
and franklinite and also as sprays and warped
foliae in massive holdenite. It was found between
the 1200 and 1300 levels in the 1340 undercut pil-
lar.

NMNH 146199. The sample consists of randomly
oriented “booklets” of kraisslite in contact with
franklinite, calcite, primary and secondary wil-
lemite, and a highly zincian adelite (containing ap-
proximately 14 percent ZnQ). It was found at the
800 level in the 1220 pillar.

NMNH 143983. The sample consists of abundant ir-
regular segregations of kraisslite in low-grade wil-
lemite—calcite—franklinite ore. The massive segre-
gations of kraisslite are abundant in this material
and locally comprise up to 20 percent of the ore.
Kraisslite is in contact with all the minerals in this
assemblage. The sample was found on the 700
level in the 1010 stope.

All samples were characterized by X-ray powder dif-
fraction and the results are in excellent agreement
with the X-ray powder diffraction patterns of the
holotypes. The powder diffraction pattern of kraiss-
lite, although similar to that of mcgovernite, is suffi-
ciently distinct to permit unambiguous identification
of the species. NMNH 137017 and 137018 are the
holotype specimens for kraisslite; the former is the
specimen that provided the original analysis.

Discussion

The analytical data in Table 1 indicate a number
of significant points concerning the chemical compo-
sition of kraisslite. Zinc is in tetrahedral coordination
in most of the secondary minerals of Franklin and
Sterling Hill. The rather constant concentration of
zinc near a value of 6 Zn per cell (consistent with
equipoint ranks in space group P6,22; Moore and Ito,
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1978) suggests that it may well be ordered in tetrahe-
dral sites. Likewise, the nearly constant value of ap-
proximately 4 Mg per cell suggests that Mg may be
ordered relative to Mn, but this is more problem-
atical. The different parageneses and spatial separa-
tion of the occurrences suggest more than chance sig-
nificance to these compositional similarities between
samples.

Of special interest is the presence of ferric iron in
kraisslite. All samples were subjected to micro-
chemical tests which gave a positive reaction for fer-
ric iron. Care was taken to use fresh unaltered mate-
rial where possible. We note that ferric iron is present
in mcgovernite as well and is also found in dixenite,
which Moore and Araki (1978) have noted as being
related to kraisslite. Hence, ferric iron may play some
role in the crystal chemistry of kraisslite.

Of paramount significance, however, is the fact
that the As exists in two oxidation states. Although
Ito (in Moore and Ito, 1978) found only 0.87 percent
As,0, and predominantly pentavalent As in kraiss-
lite, our analytical work clearly demonstrates that the
As exists in two oxidation states with As**:As™ =
3:4, and is relatively constant from sample to
sample, including the holotype (reanalyzed). Other
minerals with As in dual roles also exist at Sterling
Hill; mcgovernite was the first arsenate-silicate to be
described (Palache and Bauer, 1927), and synadel-
phite also occurs here (Moore and Ito, 1978) in con-
tact with kraisslite.

Calculation of the number of atoms per unit cell in
kraisslite with the unit-cell dimensions and density of
Moore and Ito (1978) indicates that, on initial in-
spection, the numbers of Si, As**, Fe’*, and Al atoms
do not conform to the requirements of space group
P6,22, which requires 12, 6, 4, or 2 equivalent atoms
in the various sites. However, we note that the sum of
As** and Si approximates 18 atoms, implying that
there may be some substitutions involving these ele-
ments.

An idealized formula of Fe;*MgMn,.Zn(AsO,),
(AsO,)s(5i0,),,(OH),¢ yields a calculated density of
3.918 g/cm’®, in reasonable agreement with the ob-
served value of 3.876 g/cm? if we assume limited
substitutions among Si and As**. This formula, how-
ever, must be considered tentative. Moore and Ito
(1978) have noted streaks parallel to the ¢ axis which
suggest stacking faults in the structure. We agree
with Moore and Ito that no unambiguous chemical
formula can be proposed for this complex mineral in
the absence of a complete crystal structure determi-
nation, Hence, the crystal chemistry of kraisslite
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Table 1. Chemical analyses of kraisslite
== = e ===
Sam?lf_number Mg0 MnQ FeQ _ZnO Fe203 A]ZO3 A5203 A5205 SiO2 H,0  Total
1. Moore and Ito (1978) 2.53 51.6 1.92 8.47 0.21 0.87 17.7 13.8 3.68 100.78
2. NMNH 137017 2.3 51.4 8.0 4.2 0.2 6.48+ 10.06+ 13.2 3.68%* 97.5
%) NMNH 146199 2.7 52.5 8.8 7 0.1 6.88+ 10.25+ 12.9 3.68** 99.5
4. NMNH 143983 2.4 51815 8.2 1.6 0.1 6.72- 10.74~ 13.1 3.68**100.0
5n NMNH 137018 255 50.6 8.9 2.3 0:3 7.08=+ 10.96++ 12.8 3.68** 99.1
6.  NMNH 144262 2.9 51.8 9.1 2.1 0.1 6.99~+ 10.84++ 12.5 3.68**100.0
7. Average of 2,3,4,5,6 2.6 52.0 8.6 2.0 0.2 6.69v 10.35¥ 12.9 3.68 99.0
Theory*** 2.66 51.5 8.06 2.63 6.53 12.64 11.90 4.08 100.0
Number of atoms per unit cell
2. NMNH 137017 3.42  43.43 5.89 1.65 0.23 3.92 5.24 13.16
3. NMNH 146199 4.01  44.36 6.48 1.27 0.11 4.16 5.34 12.87
4. NMNH 143983 3.57  45.21 6.04 1.20 0.1 4.07 5.60 13.07
5. NMNH 137018 3.72  42.76 6.55 I'=73 0.35 12.77
6. NMNH 144262 4,31 43.77 6.70 1.58 0.11 12.47
Average 3.81 43.91 6.33 1.49 0.18 4.05v 5.39y 12.87

* Kk

*kk

Iron determined as total iron; calculated as Fe203.
Water taken from analysis by Ito in Moore and Ito (1978).

3+ .
Theory for Fe 2M94Mn442n6(A503)4(AsO4)6(S104)]Z(OH)36.

Oxidation state of arsenic determined as described in text,

Calculated from the As3+:As5+
2, 3, and 4. Total arsenic determined by microprobe.

ratio derived from analyses

Average of only analyses 2, 3, and 4.

Calculated on the basis of the
unit-cell dimensions and density

of Moore and Ito (1978) ( a = 8.22,

b = 43.88 &, D = 3.876 g/cm’).
Accuracy of data:+ 3 percent of the
amount present ( for microprobe analyses).

Table 2. Chemical analyses of mcgovernite

Sample Number Ma0 MnQ FeQ n0 Fe, 0.+ ASZO3 A5205 SiO2 H20 Total
1 Palache and Bauer (1927) 11.27 42.72 1.53 10.22 4.45 12.48 8.92 8.49 100.08
2 Moore and Ito (1978) 11.02 42.5 1.49 10.58 4.78 13.15 8.83 8.30 100.77*
8 NMNH R3556 1.7 39.9 9.6 1.6 4.49**% 12.59**%* 9.2 10.92** 100.0
4. NMNH C6220-2 10.9 43.8 9.2 1.6 4.58++  12.11+= 9.3 8.5l 100.0
5. NMNH R14830 11.6 43.5 9.1 1:7 4.65++ 12.60++ 9.3 7.55%* 100.0
6 NMNH 104166 11.7  40.8 9.5 1:7 4,70+ 12:73%= 942 9.67** 100.0
7 NMNH 137837 11.4  42.8 9.2 1.7 4,59+ 12.46+- 9.2 8.65%* 100.0
8 (Average of #3,4,5,6,7) 11.5 42.2 9.3 1.7 4.6 12.5 9.2 9.1 100.1
* Includes 0.12 % A]203. + Determined as total iron, calculated
** Water by difference. as Fe203. _—
*** Oxidation state of arsenic determined as described in text. ++Calculated from the As™ :As” ratio 3:7

Accuracy of data *3 percent of the amount present,

for microprobe determinations.

derived from analyses 1, 2 and 3.

Arsenic determined as total arsenic by

electron microprobe.
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might be much more complex than indicated by our
analytical study.

Mcgovernite

Mcgovernite was originally described by Palache
and Bauer (1927). Its symmetry has been discussed
by Wuensch (1960, 1968) and Moore and Araki
(1978). Its chemical constituents are the same as
those of kraisslite but are present in different ratios.
We present new analyses of mcgovernite, together
with those of Bauer (Palache and Bauer, 1927) and
Ito (Moore and Ito, 1978), in Table 2. The analyzed
samples have all been identified by X-ray diffraction.

Of special interest is the presence of ferric iron in
mcgovernite, in concentrations similar to those in
kraisslite, but with less variance. It is present in all
samples, although not previously reported. Our de-
termination of the oxidation states of the As sub-
stantiates the determinations by Bauer and Ito. We
have calculated the ratio of As**:As** for the micro-
probe analyses using the 3:7 ratio determined empir-
ically by analysis (Table 2), rather than the simpler
1:3 ratio suggested by the formula of Moore and
Araki (1978).

As with kraisslite, the relative concentrations of
Mg, Mn, and Zn suggest some ordering of these ele-
ments in the crystal structure. We present additional
analyses as evidence of the relatively invariant com-
position of this mineral. We offer no chemical for-
mula for mcgovernite; calculation of cell contents
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yields results not in conformity with the space group
requirements. The presence of over 1200 atoms in the
unit cell, combined with the probability of complex
substitutions such as are likely in kraisslite, precludes
any simple formula.
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Hydrated sulfates from Sydney Coalfield, Cape Breton Island,
Nova Scotia, Canada: the copiapite group

ERWIN L. ZODROW

Department of Geology, College of Cape Breton
Sydney, Nova Scotia, Canada BIP 6L2

Abstract

Selected samples of copiapite from locations in the Sydney Coalfield are classified accord-
ing to atomic proportions in the X position of the structural formula of copiapite. In particu-
lar, the metal content in the position is calculated by purely algebraic means, i.e., by solutions
of linear simultaneous equations. Proportions in the X and R positions of the structural for-
mula are assumed 1:4 on the basis of substitution which at the same time serves as a check on
obtained solutions. Identified species of the copiapite group include aluminocopiapite, co-
piapite, magnesiocopiapite, and even ferroan magnesiocopiapite. It appears that different
parts in the coalfield represent different environments as judged by the chemical composition

of the sampled copiapites.

Introduction

Over the last four years many hydrated sulfate
specimens have been collected from the Sydney
Coalfield, leading to several studies by Zodrow and
McCandlish (1978a, b; 1979). Among these sulfates
are certain minerals of the copiapite group, with
aluminocopiapite being predominant. Minerals of
this group have a wide geographical distribution in
the coalfield; Figure 1 shows the locations of samples.

The copiapite group consists of hydrated sulfates
with the general formula XR,(SO,);(OH), - nH,O,
where X is one oxygen equivalent (with a total
charge of 2+). The X position contains one or more
of Cu (cuprocopiapite), Fe (copiapite), Mn, Zn, Na,
K, Co, Ca, Mg (magnesiocopiapite), Al, and others;
R is mainily Fe** and some Al. The upper limit of 7 is
20 for fully hydrated minerals (Fanfani et al., 1973);
Berry (1947) proposed 21 on the basis of statistical
averages. The substitutional possibilities are large
and diversified in the X position; they are fully ex-
plainable by the weak bonding of the coordination
polyhedra to the structural chain motif (Fanfani et
al., 1973). In aluminocopiapite (Berry, 1947, p. 25,
29), Al is the dominant metal in the X position.

The Al-rich nature of the sediments in the Sydney
Coalfield is reflected in the composition of the hy-
drated sulfate minerals (Zodrow and McCandlish,
1978a, 1979), in the acid run-offs, and in shales and

0003-004X/80/0910-0961$02.00

pyrite (Zodrow, in preparation); see Table 1. Copiap-
ite group minerals occur on practically every outcrop
of coal, on coal faces in the older mines, as precipi-
tates from acid run-offs, and in shale in the proximity
of coal.

Of all the hydrated sulfates observed in their natu-
ral environment, copiapite minerals are the most re-
sistant to seasonal changes. For example, on the
Emery seam in Glace Bay (Zodrow and McCand-
lish, 1978a, their Fig. 2) pickeringite [MgAl,
(80,), - 22H,0], halotrichite [FeAl,(SO,), -
22H,0], and other hydrated sulfates “bloom” only
in the summer; a similar situation exists in the Point
Aconi area (Fig. 1), where the predominant hydrated
sulfate is sideronatrite [Na,Fe(SO,),(OH) - 3H,0].
These minerals vanished during winter but co-
piapite survived.

This paper, part of an environmental study of hy-
drated sulfates in the Sydney Coalfield, attempts to
classify selected copiapite group minerals from the
unit-cell content as calculated by Berry (1947, p. 30):
... an analysis is placed in one of the . . . five groups
if the oxygen equivalent of the principal constituent
of X exceeds 0.5.” Berry’s five groups are ferri-, alu-
mino-, magnesio-, ferro-, and cuprocopiapites. In this
study the number of atoms in the X and R positions
are estimated by solutions of simultaneous linear
equations based on the assumptions of substitutions
in the general copiapite formula.
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Fig. 1. Sample locations of copiapites @ 1,2 in Sydney
Coalfield, Cape Breton Island, Nova Scotia, Canada

Analytical procedures

Samples for this study were hand-picked under a
binocular microscope at 30X magnification. The pu-
rity of the samples is estimated to be in the range 96—
100%. Standard chemical methods were employed
for the quantitative analyses (Zodrow and McCand-
lish, 1979). In the X-ray identification of the speci-
mens Fe-filtered CoK radiation was used. The sam-
ples were not ground, in order to avoid poor X-ray
diffraction patterns owing to broadening of lines
(Jolly and Foster, 1967, p. 1221). Portions of the sam-
ples [accession numbers 978GM-514(2), 977GF-
682(2), 978GM-481, 366, 371, 346, 273, 282 and 524
of the Nova Scotia Museum in Halifax, Nova Scotia,
numbered 1 to 10 in Table 2, respectively] are depos-
ited with the National Museums of Canada in Ot-
tawa, Ontario. Some of these samples are also depos-
ited with the Smithsonian Institution, Washington,
D. C,, US.A,, and the Musée de Minéralogie, Paris,
France.
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Experimental data

Table 2 indicates that minerals of the copiapite
group vary greatly in composition; this is character-
istic of the group. Sample #7 from Lingan has the
lowest “Fe,” but concomitantly the highest values of
Al, Mg, Na, Mn, and Ni. A high Zn content reported
for the Point Aconi sample (#10) is the second in-
stance of high-Zn hydrated sulfates found in this
general area. The other high Zn example was found
in the aluminocopiapite from the Prince mine
(Zodrow and McCandlish, 1979, p. 67). The lowest
Al content is associated with #9 (collected from the
coal face), whereas the other sample from this mine
(#8) with an Al content of 2.46% was collected as a
precipitate in the mine-drainage system close to the
surface.

It is possible to predict the environment of forma-
tion of the copiapite group minerals, subsurface or
surface, by color. Specimens of light lemon (canary)
hue most likely crystallized on the surface, e.g., on
the Emery seam, the Point Aconi seam, and mine
dumps, and in locations by the sea. Specimens of
deep yellow hue are generally found underground,
e.g., in the Prince and 1-B mines. There is also a re-
markable difference in reactivity of these minerals
from the Prince mine as compared with copiapite
samples from sample points 3, 4, 5, and 6 (Fig. 1),
i.e., the 1-B mine of #26 Colliery. The latter speci-

Table 1. Aluminum concentrations in the Sydney Coalfield,
Cape Breton Island, Nova Scotia

Background concentrations

Groundwater: well holes]

Linopteris obliqua zone

0.05 ppm and less
2

Lonchopteris eschweileriana zone

0.05 ppm and less
Mc Askill Brook

water column
0.16 to 0.30 ppm

_ Shales

carbonaceous
15.37 per cent

stream sediments
1,300 ppm

argillaceous
11.14 to 14.83 per cent

Coal and Pyrite

Phalen seam: 465 ppm pyrite (Mc Aulay seam):

Acid Run-0ffs

Lingan mine, coal storage: 4,350 (2,000)3 ppm

Lingan mine, coal storage: 90 ppm, recent accumu-
lation

Prince mine, coal storage: 680 (1,090) ppm

1 uncontaminated wells scattered about the coalfield.

2 sampled over a range of discharges and over all four sea-
sons; leached from -60 mesh grain size of sediments. This
stream is regarded as a standard because of its uncontami-
nated water. 3 resampled after four weeks with the last week
having heavy rains.
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Fig. 2. Range of chemical elements in copiapite samples
studied over which Model 1 in Table 4 applies.

mens show no alteration reactions after two years of
storage under ambient conditions, whereas some
specimens from the Prince mine show these reactions
in vitro while stored under the same conditions as the
1-B mine samples:

——> natrojarosite,
NaFe,(SO,),(OH),

roemerite,

Fe**Fe**(S0.,), - 14H,0
Aluminocopiapite
paracoquimbite,

Fe,(S0.); - 9H,O

L amarantite,
Fe(SO,)(OH) - 3H,0

The reactions leading to natrojarosite and amarantite
need confirmation.

A linear substitution model

On the assumption that Na, Ca, Mg, Mn, Fe?*, and
Al substitute in the X position and some Al for Fe**
in the R position of the structural formula, a model
of substitution in copiapite, ignoring Zn in sample
#10 and K for all of the samples, can be proposed:

[Na,CawMg,Mny Fe%+All—(V+W+X+Y+Z)]
[Fez;All—G]:t(So‘t)s(OH)z 2 nH20

The molecular weight (= MW), correct to two deci-
mal places, is given by MW =a — bV — cX + dY +
hZ + fG + jW, where a = 1105.59, b = 3.99. ¢ =

963

2,66, d = 27.95, h = 28.86, f = 115.46 and j = 13.09.
V, W, X, Y, Z, and G are stoichiometric coefficients
that are numerically evaluated by the solution of a
set of simultaneous linear equations. Table 3 shows a
generalized form of the linear equations in matrix
format. There are no numerical restrictions on the
coefficients, but the proportions of X to R or 1:4 in
the structural formula of the copiapite group require
that each coefficient lic between zero and unity, that
G be between zero and unity, and that the sum of the
coefficients be less than unity:

O<V,W,X,Y,Z<1;(0=G=<1)

(V+W+X+Y+Z)<l (1)

The mathematical existence of the V, ... , G coeffi-
cients is dependent on a non-zero determinant of the
matrix shown in Table 3. Al and SO, percentages
may be predicted and compared with experimentally
obtained values of Table 2. To predict Fe and SO,
percentages, interchange subscripts of Al and Fe; a
new matrix must now be formed (that in Table 3
must be rearranged).

Table 2. Chemical analyses of copiapite samples from the Sydney
Coalfield, Cape Breton Island

no.t 1 2 3 4 5 & 7 & & 10
Total
Fer  18.64 18.72 13.28 18.72 16.24 18.88 8.00 14.24 21.60 17.60

Fe3+ 18.02 17.83 13.01 17.92 15.62 18.68 3.18 13.26 19.06 16.53
Fe2+ 0.62 0.89 0.27 0.80 0.62 0.20 4.82 0.98 2.54 1.07

SO 52.74 47.78 45.97 48.70 45.77 46.68 47.07 48.40 47.84 49.61

A14 1.10 1.87 1.66 1.63 1.40 0.98 3.62 2.46 0.10 1.45
Mg 0.64 0.57 2.36 0.17 1.58 1.54 2.76 1.08 0.10 0.56
Ca 0.06 0.07 0,02 0.02 0.02 0.02 0.09 0.03 0.04 0.19
Na 0.10 0.12 0.96 0.11 0.92 0.16 2.12 0.16 0.14 0.19
Mn 0.26 0.16 0.38 0,06 0.29 0.20 0.92 0.22 0.07 0.04
K 0.02 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02
ppm

Cu 176 160 82 82 64 22 274 269 85 80

N3 376 416 328 136 240 120 520 400 128 408
In 84 84 428 124 204 48 640 560 92 3300

Inso].*0.10 0.50 ni1 nil nil  nil  0.76 nil 0.08 0.08

Total (less H20 and OH)

73.56 69,33 64.63 69.42 66.23 68.47 64.59 66.60 59.91 59.66

*Coal

]Far Tocations of samples see Fig. 1.

Samples Np, 1 and 2 are from the exposed coalface of the Emery
seam in Glace Bays; No. 3,4,5 and € frem various Tocations in

1-8 mine, #26 Colliery; WNo. 7 75 a mire water precipitate from
open air storage of coal at Lingan mine; No. B and 9 were col-
lected from the Prince mine: 8 is a divect alteration product of
pyrite in situ (in ceal), while 8 is a precipitate from an under-
ground drainage ditchy No. 10 eriginated fyom an outcrap of the
Point Aconi seam.
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Table 3. Model of substitution of copiapite in matrix format

{Na + Na-b)V + Na-c-X - Na-d-y - Na-h-
Mg-b-v + (Mg + Mg-c)X - Mg-d-v - Mg-h-
Mn-b-V + Mn-c-X + (Mn - Mn-d)Y - Mn-h.
Fe?t by o+ Fecox - Fe?tay ¢ (re?t
Fe* b.v + Fedticx - ngtjd-v - et
Ca-b-V + CacX - Ca-d.vy - Ca'h-

Where Na, Mg, Mn, Fe and Ca are atomic weights

? - Na-feG -~ Narjew - ala

z - Mg-f-6 - oMggw = alg

z - MnfeG - Mnejew = aMn
- re*tnz - Fe?fs - e = ape®

h-2 v (e -FeStf) - FeStg = ape’t

z - Ca-f-6 + (Ca - Ca-j) = aCa

s Na, Mg, Mn, Fe’”, Fe®* and Ca are

analytical values (TABLE 2) of sodium, magnesium, manganese, iron and calcium,

respectively. The coefficients from the
b, ¢, d, h, f, j and a.
v, X, ¥, 7, G and W.
vector.

NOTE: divide the MW coefficients by 100

molecular-weight formula (MW) are

The stoichiometric coefficients to be computed are
{(aNa, aMg, aMn, af}i{t, aFe3+, ala) s the constant matrix

because of percentage calculations

before solving for the stoichiometric coefficients.

Other substitutional schemes may be derived by
adding (subtracting) metals to the model. This neces-
sitates a new MW and subsequently a new matrix.
The latter is formed from that in Table 3 by adding
(subtracting) appropriate rows (columns), manipulat-
ing the coefficients and their signs consistently; see
the appended derivation.

Values in Table 4 were obtained by computing V
to G on the basis of the chemical data in Table 2,
then calculating weight percentages shown. Not all
solved systems satisfy the conditions in (1), but all
numerical solutions satisfying the algebraic equa-
tions are valid. Model 1 in Table 4 is a direct mathe-
matical realization of the expanded structural for-
mula; in Model 2 calcium is deleted, and Model 3 is
characterized not only by deleting calcium but also
by assuming that all Al is in the X site. The Fe% val-
ues are reproduced from solutions of the systems of
simultaneous linear equations and thus afford an
evaluation of the mathematical efficiency (numerical
accuracy).

Table 5 summarizes those formulae, according to
Model 1, in which (1) is satisfied. The water content
for each representation was obtained from a determi-
nistic simulation process under the assumption of
constant (OH), content. Decreasing n = 20 by 0.1,
that number of water molecules was selected sub-
Jjectively when calculated metal totals plus sulfate
compared well with those in Table 2. As the copia-
pite group minerals may readily lose several “free”
molecules of water without significant damage to the

framework (Fanfani et al., 1973, p. 321), the range of
simulated values of # is theoretically defensible.

Discussion of results

Although Table 2 shows diversity of composition
of the copiapite samples studied, they may be classi-
fied in the copiapite group with ease, as shown in
Table 5: #8 is a magnesiocopiapite, #9 is a copiapite,
#10, 2, and 1 are magnesian aluminocopiapite, and
#4 is an aluminocopiapite. Thus the only aluminoco-
piapite identified so far originated from the 1-B
mine, followed closely by #1 from the Emery seam
in Glace Bay. It is amazing to observe that the coal
face and its mine-drainage ditch represent such dif-
ferent environments as to produce copiapite and
magnesiocopiapite, samples #9 and 8, respectively. It
appears that the copiapite minerals precipitated from
acid mine-waters are relatively enriched in Al, Mg,
Mn, Ni, Zn and Cu, but relatively depleted in “Fe,”
e.g., samples #7 and 8.

Table 4 shows that if all Al is assumed to be in the
X position of the copiapite structure and Ca is de-
leted as a substituting metal, Model 3 gives the rela-
tive worst-predicted values of Al and SO,, the rela-
tive worst-reproduced Fe%, and three instances of
negative Al content. Definite improvements are of-
fered by Models 1 and 2 in these respects. Solutions
by simultaneous linear equations satisfying propor-
tions in the general formula X to R as 1:4, according
to the preferred Model 1, are observed only over par-
ticular ranges of analytical values (Fig. 2). This ratio



ZODROW: HYDRATED SULFATES

965

Table 4. Comparison between predicted and observed values of Al and SO, according to different assumptions in the substitutional

model of copiapite
Sample No. 1 2 3 4 B 6 7 8 9 10
MODEL 1:  (Na,Ca Mg Mn FeZ® Al y (FeSt A1 ). (s0,). (OH),- 20.0H.0
: geagMadingFe Al iy s sy e D) Al B S o 20.0H,
il kPredicted Value 1.0 1.10  0.95¢ 1.62  0.30+  -0.09+  3.33+ 2.9 0.08 1.7
Observed, TABLE 2 1.10  1.87  1.66  1.63  1.40 0.98 3.62  2.46 0.10 1.45
Soq%EPredicted Value  47.07 47.07 48.64  47.08  47.82  47.10  49.96  48.30  46.30  47.30
Observed, TABLE 2 52.74  47.78  45.97  48.70  45.77  46.68  47.07  48.40  47.84  49.6]
o EReproduced Value* 18.67  18.75  13.39  18.73  16.35  18.85 8.08 14.28  21.62  17.63
___" {Observed, TABLE 2_18.64_ __18.72 _ 13.28 __18.72 __16.24 18.88______ 8.00 ___14.24 ____ 21.60_ ____17.60___
. 2+ 3+ .
MODEL 2: (Narain Fe? AL Ly, ) (FeTA L)y (S04 (OH)," 20.0K,0
AlZ (Predicted value 1.0  1.11  0.95¢+ 1.62  0.30 0.15+ 3.3+  2.91 0.09+ 1.7
S0 t(Predicted Value ~ 47.08  47.08  48.64  47.09 47.82  47.22  49.98  48.30  46.31  47.42
Fet (Reproduced Value* 18.67  18.75  13.39  18.73  16.35  18.40 g.08 14.28  21.60  17.63
MODEL 3: (Na Mg M Fet A1 ) et L (50,), (OH),- 20.0H,0
' MadingFe” Al iy xe v+ ) &7y~ B0glg 2" €0.0Hy
M% (Predicted Value  0.94  0.92  -1.8%+ 1.47  -1.09+  0.16  -6.29+  0.23 0.64 0.84
S0,%(Predicted Value ~ 47.08 46,99  47.25  47.01 47.14  47.22 4611 46,98 46.58  46.98
Fe? (Reproduced Value* 18.45  19.10  18.58  19.02  18.89  18.40  22.76  19.19  20.60  19.28

*
Total Fe computed from corresponding molecular weight formula. +Stoichiometric requirements not satisfied.

is not satisfied for any value that falls outside its
range. The possibility that certain pure end-members
in the group, e.g., Mn or Mg, are mathematically not
feasible is thus implied.

The failure of the model in certain instances, as for
example if (Na + Mg) > 1.70 or when Fe?* is rather
low, and an apparent excess of sulfate (average ob-
served are larger than average predicted values), are
problems demanding attention. The excess sulfate is
marginally decreased but the spread between pre-
dicted and observed Al values widens considerably

when residual positive charges of the X position of
the stoichiometric formulae in Table 5 are algebrai-
cally eliminated; this may be seen from Table 6, in
which the average of 47.30 percent of predicted sul-
fate is marginally higher than the 47.19 percent aver-
age of predicted values from stoichiometric formulae
in Table 4, as compared with the observed average
value of 49.18 percent (Table 2). Aluminum predic-
tions in Table 6 are definitely inferior to those in
Table 4.

Whether the excess of sulfate is a characterizing

Table 5. Stoichiometric formulae of minerals from the copiapite group, Sydney Coalfield, Cape Breton Island

(Nag o83 Cag.009 M90.531 M0. 048 Fe? 0 y10 Mo.n1e) (Fe™ g 710 Mo 200)a  (S0g)g (OH) + =20.0H,0 Sample No. 8
(Nag 676 C0.012 M90.051 ™Mo, 016 Fe2+9;§§§_A10.280) Fe®, (504)g (OH), - =18.5H,0 Sample No. 9
(Nag. 100 2. 055 "9, 280 0. 009 Fe?*y 533 Mo, 320) (Fe¥ 00p Ao gosla  (04)g (OM)y + =18.00,0 Sample No. 10
(Nag 064 C20.021 M90.287 "0.035 Fe?) 195 A1, 308) (Fe> 070 Moo s (S0g)g (OF)p - =18.5H0  Sample No. 2
(Nag 053 C29. 018 M0, 323 MMo. 058 P’y 136 Mo.412) (Fe®) gge Alg.or1)g  (S0g)g (OH) * =16.0H,0  Sample No. |
(M2g_ 655 C20. 006 "0, 085 ™o.013 Fe 0.175 Mo, 663) (Fe* 0,983 Alg.o17)q  (S0g)g (OH)p - =18.4H,0 Sample No. 4

Note: charge-balanced formulae have these Al coefficients,
0.107, 0.211, 0.246, 0.28

Sample No. 8 is a magnesiocopiapite; No. 9 the species' name, copiapite;

copiapite, and No. 4 is aluminocopiapite.

by (2 -V -2W+X+Y+72))/3:
6, 0.292, and 0.461, respectively.

Nos. 10, 2, and 1 are magnesian alumino-
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Table 6. Comparison between predicted and observed values of
Al and SO, according to Model 1: residual positive charge of
stoichiometric formulae in Table 5 is eliminated

Sampte No. 1 2 3 4 5 (i 7 8 9 10

a2 0.7a 0.82 1.91+ 1.17 1.00+ -.08+ 5.49+ 2.86 -.09 1.42
TABLE 4 1.04 1.10 0.95+ 1.62 0.30+ -.09+ 3.33+ 2.91 0.08 1.71
Observed 1.10 1.87 1.66 1.63 1.40 0.98 3.62 2.46 0.10 1.45
TABLE 2

504% 47.19 47.18 48.16 47.29 47.48 47.09 48.82 48.31 46.37 47.46
TABLE 4 47.07 47.07 48.64 47.08 47.82 47.10 49.96 48.30 46.30 47.30

Observed 52.74 47.78 45.97 48.70 45.77 46.68 47.07 48.40 47.84 49.61
TABLE 2

AVERAGES

This TABLE  TABLE 4  Observed (TABLE 2)
are? 1.153 1.410 1.435
50,27 47.300 47.187 29.178
50,23 47.535 47.664 48.056

4

TStoichiometric requirements not satisfied.

]Let the coefficient of Al in TABLE 4 be: (2 -V - 2(W+X+Y+Z)})/3
and also substitute this expression in the molecular weight
formula (MW) to obtain a new formula weight and hence the values;
see TABLE 5.

Average of 6 samples, or samples of +Stoichiometric requirements
not satisfied are excluded.

3Average of all 10 samples

feature of copiapite samples from the Sydney
Coalfield, or a problem of mathematical manipula-
tion in the prediction process, is not known at this
juncture without further investigation. Fanfani et al.
(1973), however, show well the problem between the
relationship of chemical data and atomic arrange-
ments in some copiapite samples.

Continuing research is concentrated on possible
(OH) substitutions and recognition of additional an-
ions, and sulfate content. Unit-cell refinements are in
progress.

Appendix

Derivation of a system of simultaneous linear equations

The MW is obtained directly from Model 1, Table
4, by expanding: Na, + Ca,, + Mg, + Mn, + Fe, +
4Fe; + [4A1 — 4Al, + Al-AIV+ W+ X+ Y +
Z)] + 6(50,) + 2(OH) + 20H,0 which upon evalua-
tion in terms of atomic weights of the components
leads directly to (a — bV — ¢X + dY + hZ + fG +
JW) = MW. To reproduce Ca% from Table 2 we con-
sider that Ca% = Caw/MW which when rearranged
becomes the last equation (row) in Table 3.

Ca=Ca,/(a — bV —cX+dY +hZ + fG + jW)

ZODROW: HYDRATED SULFATES

Exchange the constant term a Ca with Ca,, collect
terms to obtain

—CabV — CacX + CadY + CahZ +
CafG — (Ca — Caj)W = —aCa

when multiplied by —1 the last row of the matrix in
Table 3 is realized. This procedure is systematically
followed for the remaining elements.

To add a metal, say Cu, to the substitutional
model would necessitate (a) augmenting the number
of subscripts and calculating a new MW, and (b)
forming a new Table 3 according to the above devel-
opments. The sign of the Cu component in MW is
“+> as Cu has a larger atomic weight than Al, the
metal value to be predicted. However, in the matrix
format the “+” changes to a “—”. To delete a metal
component, put zero in the appropriate term of MW
(and delete the corresponding row and column in the
matrix).

Note added in proof

Aluminocopiapite, according to X-ray analysis, col-
lected from a coal seam in Smithers, B.C., Canada,
by Keith McCandlish in 1979 with composition
11.92% Fe’*, 2.23% Fe**, 42.75% SO., 1.54% Al,
1.05% Mg, 0.13% Ca, 0.02% Na, and 0.04% Mn does
not satisfy the stoichiometric conditions, ie., Fe’*
and Na contents appear to be too low according to
the empirical criteria in Figure 2.
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Abstract

Locomotive heat discharge on nickel sulphide ore and slag northwest of Sudbury, Ontario
has formed nickeloan melanterite. The uncommon Ni-Fe substitution is the result of the un-
usual “weathering” of an atypical source material. The existence of the septahydrate rather
than the tetrahydrate is due to the elevated temperatures and humidities of the locomotive

steam.

Introduction

A visually most striking “outcrop” of an efflores-
cent bloom was observed in 1978 at a railroad lo-
comotive switching site on Rt. 144 in Levack, 25 km
northwest of Sudbury, Ontario. The material was
identified as nickeloan melanterite [(Fe,Ni)SO,
- TH,0] by X-ray diffraction and energy-dispersive
spectra techniques.

This particular occurrence is notable for three rea-
sons. The end-members melanterite (FeSO, - 7H,0)
and morenosite (NiSO, - 7H,0) are not uncommon
weathering products of suitable protoliths, the latter
especially in mines of the Sudbury, Ontario area
(Hawley, 1963, Table 2). However, while Fe-Mg and
Ni-Mg substitution have been documented, no natu-
ral occurrences of Fe—-Ni solid solution in sulphates
are noted in any of the standard descriptive mineral-
ogy references. Second, the local climate is conducive
to the formation of rozenite (FeSO, - 4H,0) rather
than the septahydrate (Ehlers and Stiles, 1965).
Third, the paragenesis brings into question whether
or not the phase is “naturally occurring” and thus a
mineral according to most common definitions. This
note describes the composition and paragenesis of
the material and suggests a modification of the defi-
nition.

Description

Bright green to blue-green concretionary and sta-
lagmitic masses occur as individual and aggregate
clusters up to 15-20 cm in diameter on gossan-like
material. The iron gossan appears to have formed
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from ore which dropped off trains as well as from
weathering of slag fill. Clusters are most dense in the
central portion of a railroad switching site where ore
cars from mines to the northwest are shunted onto
tracks to Sudbury. From the center of the site, cluster
concentrations decrease to zero longitudinally within
25 m and laterally within 5 m. Sparser concentrations
occur within track sets and between sets. The spacial
limitation is not due to lack of adequate source mate-
rial since the gossan-like material extends beyond the
zone:of accumulation.

Optical study of this material revealed the occa-
sional presence of fine-grained disseminated silicate
impurities in the sulphate. These iron-bearing silicate
impurities did not yield a recognizable X-ray pattern
because of their low concentration and amorphous
nature.

The results of qualitative energy-dispersive spectra
studies of the concretionary material are consistent
with the identification from X-ray diffraction of
(Fe,Ni)SO, - TH,0. The following elements were
identified (with peak heights approximately normal-
ized to S): S (100), Fe (75), P (25), Si (30), Ni (20), Al
(15), Cu (5), K (tr), Ca (tr), Co (tr), Cr (tr). Since
such intensities are only crude approximations of rel-
ative elemental abundances, spectra were also ob-
tained for pure samples of hydrous iron and nickel
sulphates. Assuming a linear relationship between
metal/sulphur peak intensities and bulk composi-
tion, comparison of the spectra of the unknown
sample with the pure end members yields a composi-
tion of 8 wt% nickel sulphate and 80 wt% iron sul-
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phate. The lack of summation to 100% suggests that
the intensity: composition relationship might not be
linear, but instead might display a negative devia-
tion. Evaluation of various slopes and consideration
of analytical errors indicates a composition of 80—
90% iron end members and 10-20% nickel end mem-
ber.

The X-ray pattern of the slag matrix was identified
as consisting mainly of a clinopyroxene-like phase.
Energy-dispersive analysis of slag matrix material re-
vealed the following elements (given with peak
heights here approximately normalized to Si):
Si(100), S(80), Fe(70), P(50), Al45), CI(30), K(15),
Ca(10), Mg(5), Ni(tr), As(tr). The physical state of
the phosphorus, probably added during smelting,
could not be determined. The chlorine may be a resi-
due from salts used to melt snow. Copper was not de-
tected in the matrix, although the sulphate has an
Fe—Cu energy dispersive intensity ratio of 15:1.

These data are consistent with the efflorescent
bloom having formed from oxidative alteration and
hydration of, and on, iron silicate slag in the intimate
presence of Cu-Ni-Fe sulfide ore. Retgers as well as
Wyrouboff (in Palache et al, 1951, p. 517) reported
that in experimental studies on Mg-Fe-Ni sulphate
hydrates, “Fe substitutes for Mg up to at least Fe-Ni
= 1:5.” The lack of such compositions in natural en-
vironments is due to the rarity of suitable protoliths
for weathering. In this occurrence, the lack of Mg
and the availability of Fe and Ni have produced this
unusual solid solution.

Initially, the laboratory hydration—dehydration of
the sulphate was readily reversible. However, after a
few months of storage in a water-containing dessica-
tor, the reversible reaction could no longer be dem-
onstrated since the iron had oxidized and the sul-
phate was partially converted to limonite. Before this
oxidation had started, the dehydrated material exhib-
ited an X-ray diffraction pattern interpreted as due to
a single phase similar to the tetrahydrate rozenite
(FeSO, - 4H,0). Thus, the conversion of this partial
nickeliferous—ferrous solid solution suggests that a Ni
tetrahydrate analogue to FeSO, - 4H,0 may be pos-
sible. However, the natural occurrence of this as a
pure phase has not yet been reported.

Discussion

Ehlers and Stiles (1965) conclude that the stability
field of rozenite and melanterite is a simple function
of temperature and relative humidity. Under drier
conditions, the tetrahydrate is stable. The amount of
Ni solid solution in the materials studied here is be-
lieved unlikely to have a pronounced effect on these
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stability relations. Thus, it is unusual to observe the
septahydrate in a mid-continental region of moderate
humidity, where rozenite is more likely to form (see
Jambor and Traill, 1963). On the other hand, a
source for elevated relative humidity (and temper-
ature to speed the reaction) is locally available. At
the switching site, cooling motors discharge heated
air laterally from the engines. Reaction with moder-
ately humid air produces a steam which “weathers”
the ore and slag rubble. This causative agent restricts
the sulphate formation longitudinally and laterally
along the right-of-way in the switching area. Thus,
even though similar source material is available out- -
side of the immediate area of bloom formation, the
limited “artificial climate” localizes formation of the
septahydrate. Further, in 1979 when the switching
site was unused because of a labor strike, no bloom
formation was observed.

The hydrated sulphate formed not as the result of
man’s willful action, but as a by-product of or in-
cidental to man’s direct and deliberate activities. The
oft-quoted definition of Berry and Mason (1959, p.
3-4) notes that a mineral is “naturally occurring,” al-
though exceptions are often made which tend to be
largely dependent upon the degree of human vs. nat-
ural (non-human) activity involved. To accommo-
date anthropogenic phases, the following formalized
redefinition is proposed: “a mineral . .. should have
formed by natural processes which are not the result
of man’s willful or deliberate actions ...” Then, the
nickeloan melanterite discussed herein is clearly not
a synthetic analogue to a mineral, but is a mineral in
the strict sense.

Note added in proof

By July 1980, the “outcrop” no longer exists, hav-
ing been removed by bulldozing and the site covered
with grass planted as part of a reforestation project.
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Abstract

Differential scanning calorimetric (DSC) and high-temperature X-ray diffraction studies
on seven nephelines belonging to the system NaAlSiO,(Ne)-KAl1SiO,(Ks) show that samples
with less than 2.5 mol percent Ks (sub-potassic nephelines) exhibit complex relations. A
Type-C nepheline containing 1.6 percent Ks has a single sharp DSC peak near 360 K; this
temperature is close to that at which extra X-ray reflections characteristic of an orthorhombic
3¢ superstructure disappear (365 K) and marks an inversion to hexagonal symmetry. Type-B
nephelines containing 0 to 0.36 percent Ks have two DSC peaks below 480 K which are sepa-
rated by 20° to 40°. The two peaks confirm the existence of two phases in Type-B nephelines
and the presence of two inversions. For each sample, the lower-temperature DSC peak coin-
cides with the disappearance of the orthorhombic superstructure (¢f. Type-C) and the higher-
temperature peak with the disappearance of extra X-ray reflections typical of a low-symmetry
second phase. Type-B and -C nephelines have DSC scans similar to that for tridymite which
suggests that the low-temperature inversions in sub-potassic nephelines are caused by the col-
lapse of the ‘tridymite-like’ framework about the relatively small Na* in the larger cation
sites. In contrast, nephelines with more than 2.5 percent Ks are hexagonal at room temper-
ature and show no inversions. Thus a Type-H nepheline containing 27 percent Ks does not
have extra X-ray reflections and does not show any peaks on DSC scans between 340 and
520 K.

The heat capacity (C;) data for A.407 (pure-Na, Type-B) above 500 K show excellent
agreement with the C, equation fitted to the drop calorimetric data of Kelley et al. (1953) on
synthetic pure Na nepheline between 467 and 1180 K and can be used for thermochemical
calculations on Ks-bearing nephelines above about 500 K.

Introduction

Although the natural occurrence of nepheline min-
erals is restricted, they have been the subject of many
detailed experimental studies. In particular, the
nepheline (NaAlSiO,, Ne)-kalsilite (KAISiO,, Ks)
system has served as a useful analogue for modelling
activity—composition relations of other immiscible
Na-K phases (e.g. feldspars, micas, and halides). In
addition, nepheline solid solution towards SiO, has
provided necessary information on defect solid solu-
tions, and the Na,K,AlSi,O;, phase is an excellent
example of what may be an ordered compound
within a solid-solution series. However, nephelines of
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the same composition may crystallize in different
space-groups under different conditions and these
forms may be related by phase transitions of higher
than first-order. Very little is known generally of how
such transitions affect phase equilibria in mineral
systems, but the large amount of information avail-
able for nephelines makes them suitable candidates
for such studies.

Henderson and Roux (1977) showed that neph-
elines synthesized in the system Ne-Ks have differ-
ent structures, depending upon composition and
method of synthesis. At room temperature those with
between 25 and 2.5 percent Ks (all compositions are
given as mol percent) are hexagonal (Type-H). This
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composition range has x = 2.0 to 0.2, where x is the
number of K atoms in the unit cell Na,_ K,AlLSi,O,,.
All X-ray peaks in this type of nepheline can be un-
equivocally indexed using the Hahn and Buerger
(1955) cell (HBC). In contrast, Henderson and Roux
(1977) showed that nephelines with <2.5 percent Ks
[sub-potassic nephelines (Donnay et al., 1959)] have
extra reflections that cannot be indexed with the
HBC, have anomalous pseudohexagonal cell param-
eters, and show multiple twin lamellae. Nephelines
with between 2.5 and ~0.7 percent Ks (x = 0.2 to
0.06) were believed to be orthorhombic (Type-C)
with a,, V3a,, 3c, superstructures, where a, and c, re-
fer to hexagonal cell parameters. Hydrothermally
synthesized nephelines with 0 to ~0.7 percent Ks
(Type-B) were shown to contain two phases, one with
an orthorhombic 3¢ superstructure and a second with
even lower symmetry. Pure-Na nephelines synthe-
sized dry from gels at 1 atm were found to be single-
phase (Type-A), with a different set of extra reflec-
tions from those characterizing pure-Na, Type-B
nephelines.

Henderson and Roux (1977) showed that Type-B
and -C nephelines inverted to hexagonal symmetry at
=473 K; the inversion temperature decreased as the
Ks content increased. The extra reflections and twin
lamellae disappeared at the inversion, and the cell
parameters became consistent with those expected
for nephelines having the HBC structure. The speci-
mens showed ~30° hysteresis, with inversion temper-
atures during cooling being lower than those on heat-
ing; however, the effect of cooling rate on the degree
of hysteresis was not studied. All pure-Na, Type-B
nephelines (A.72, A.88, A.407, and the Schairer
sample) showed small steps in the a parameter at the
low-temperature inversion with some specimens also
having distinct steps in ¢, and hence discontinuities
in volume (see Fig. 6, Henderson and Roux, 1977). A
Type-C nepheline (N.233) showed inflections, but no
steps in a and c at the inversion; the displacements in
a and ¢ were in the opposite sense so that no disconti-
nuity in ¥ was detected. A Type-A specimen (N.10)
showed a rather different behavior. Although there
was an inflection in a (but no step) at 453 K, and no
apparent inflection in ¢, the extra reflections only dis-
appeared above 873 K. The temperature of 453 K
was equated with the low-temperature inversion ob-
served in the other sub-potassic nephelines.

Henderson and Roux (1977) related the differ-
ences in the inversion behavior of the samples to
varying degrees of collapse of the framework about
the small Na cations that must occupy the larger cat-

ion site (Foreman and Peacor, 1970; Dollase, 1970).
In addition it was suggested that superstructures ob-
served in natural nephelines could also be related to
framework collapse at the low-temperature in-
version.

Because the thermal effects of the low-temperature
inversion in nepheline are detectable by differential
thermal analysis (e.g. Cohen and Klement, 1976), the
inversion could be further characterized by differen-
tial scanning calorimetry (DSC). Because the in-
version is displacive (in the sense of Buerger, 1951), it
is important to correlate the presence or absence of a
discontinuity in ¥, or in the coefficient of thermal ex-
pansion at the inversion, with possible changes in
heat capacity or its integrated thermodynamic func-
tions.

We have studied at least one sample of Type-A,
-B, -C, and -H nephelines by DSC and the results are
presented here. DSC measurements on Type-B neph-
elines show two heat effects at =473 K, consistent
with the presence of two phases, but Henderson and
Roux (1977) only identified one inversion at <473 K
in such nephelines. We have, therefore, reconsidered
the results of their X-ray experiments and have fur-
ther studied the low-temperature inversion with sev-
eral new samples using high-temperature X-ray dif-
fraction methods.

X-ray investigations

Sample preparation and X-ray procedures

Several of the samples are those studied by Hen-
derson and Roux (1976, 1977), namely: A417, N4,
NE. Schairer, and A.407. Unfortunately, there were
insufficient quantities of some of Henderson and
Roux’ samples for heat capacity measurements, so
new samples (NE.12, NE.17, and NE.1289) were syn-
thesized hydrothermally from gels of the appropriate
compositions. The compositions and synthesis condi-
tions for the nephelines studied are summarized in
Table 1. Because the nepheline type is crucially re-
lated to Ks content, the compositions for some of the
synthesized samples were confirmed by determina-
tion of K,O by atomic absorption spectrophotometry.
The quoted compositions (Table 1) are believed to be
accurate to =5 percent (relative).

Cell parameters were determined at room temper-
ature (293 K) using a conventional Philips PW 1050
diffractometer with CuKea radiation (CuKa 1.54178,
CuKa’ 1.54051A) and a scanning rate of 0.5°26/min.
Si was added as internal standard (a = 5.43065A)
and cell parameters were calculated by least squares.
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Cell parameters at elevated temperatures were deter-
mined using the method of Henderson and Taylor
(1975) in which the Pt sample holder peaks were
used for internal standardization. The 26 values for
the peaks were measured with a vernier rule and are
reproducible to within +0.005° 26.

The room temperature cell parameters (Table 1)
for the sub-potassic nephelines refer to a pseudo-
hexagonal cell, whereas those for Type-B nephelines
are averaged values for the two phases present (Hen-
derson and Roux, 1977, p. 293). This averaging is re-
flected in the relatively high standard errors for these
samples.

The low-temperature inversion was studied with a
heating stage mounted on an X-ray diffractometer,
using a heating rate of ~3° min~' and a cooling rate

of ~5° min™".

X-ray results

The room-temperature X-ray patterns for the three
new specimens show that NE.17 (1.6 percent Ks) is
Type-C whereas NE.12 (0.36 percent Ks) and
NE.1289 (0.30 percent Ks) are clearly Type-B. All
three specimens have anomalous cell parameters at
room temperature (Table 1) and plot below the ‘nor-
mal nepheline line’ defined in Figure 3 of Henderson
and Roux (1977). Note that the average ¢ parameter
for the two phases in NE.1289 is substantially smaller
than the ¢ parameters for the specimens studied pre-
viously.

The inversion in NE.17 was monitored using the
extra reflection at ~28.2° 20 CuKa which is charac-
teristic of the orthorhombic 3¢ superstructure of
Type-C nephelines. The reflection decreased in in-
tensity and eventually disappeared over the temper-
ature range 358-368+5 K, but it reappeared on cool-
ing with a hysteresis of ~15°.

Type-B nephelines have split (002) reflections, in-
dicating the presence of two phases. The presence of
an extra reflection at ~28.2°26 CuKa confirms that
one of the phases has the orthorhombic 3¢ super-
structure whereas extra reflections at 22.6°, 29.2°,
and 30.2° 26 CuKa presumably belong to the lower-
symmetry second phase (Henderson and Roux, 1977,
p- 293). Thus the inversions in NE.12 and NE.1289
(both Type-B) were monitored using the extra reflec-
tions at 28.2° and 30.2° 20, and the split (002) reflec-
tion. On heating NE.12, the 28.2° 26 reflection de-
creased and disappeared over the temperature range
413-428+5 K. The (002) peak was broad and asym-
metric at 448 K, showing that two phases were still
present. The 30.2° 26 reflection disappeared over the
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Table 1. Synthesis conditions, composition and room
temperature (293 K) cell parameters for different types of
synthetic nephelines

Ks Time 3

Specimen mol % T, K E days a, A c, A vV, A

Type-A_ .

N.4* 0 1390 1atm 1 9.963(1) 8.341@) 717.7(2)

sTch:i:r!;}n 0 L370L, \aem { > 9.960(3) 8.361(4) 719.6(5)
1320, 24

A.407* 0 870 2.5kbar 50  9.977@) 8.339(4) T718.9(5)

NE.12 0.36 1170 1 kbar 4 9.931(6) 8.339(9) 719.5(9)

NE.1239 0.30 1240 2 kbar 3 9.995(3) 8.275(6) 715.9(5)

Typz-C_

NE.17 1.6 990 1 kbar 3 9.990(1) 8.329(2) T719.9@2)

Type-H

A.417 27 873 2kbar 40 10.004(2) 8.390(3) 727.2(3)

*  Data from Henderson and Roux (1977).

+  Class starting material; others synthesized from gel.

**  Numbers in parentheses are estimated standard deviations of
parameters : a, ¢ x 103, vx10°.

range 428-468+5 K. On cooling, the extra reflections
reappeared at about 15° below these temperatures.
On heating NE.1289, the 28.2° 26 reflection dis-
appeared over the range 413-428+5 K, (002) was
comparatively sharp at 425 K, and the 30.2° 26 extra
reflection disappeared over the range 423-444+5 K.
On cooling, all of the extra reflections reappeared
at ~410 K but broadening of (002) could only be de-
tected at ~365 K.

In NE.12 and NE.1289 the 28.2° 24 reflection dis-
appeared before there was any major decrease in the
intensity of the 30.2° 20 reflection. Further study of
X-ray charts from heating experiments on Type-B
nephelines N.1042 (0.2 percent Ks) and N.1040 (0.5
percent Ks) (Henderson and Roux, 1977) also
showed that the extra reflections at ~28.2° 28 dis-
appeared ~10 K before the 30.2° 26 reflection began
to decrease. The same relationship was reported for
the pure-Na, Type-B nephelines (e.g. A.72, Hender-
son and Roux, 1977, p. 289). The implication is that
the two phases present in Type-B nephelines invert
to hexagonal symmetry over different temperature
ranges (see later discussion).

The X-ray patterns for NE.12, NE.17, and
NE.1289 above their respective inversion temper-
atures are entirely consistent with hexagonal symme-
try and can be fully indexed using the HBC. Cell pa-
rameters determined above the inversions are: NE.17
(408 K) a = 9.981 esd 0.001, ¢ = 8.360 esd 0.002;
NE.12 (500 K) a = 9.992 esd 0.001, ¢ = 8.366 esd
0.002; NE.1289 (448 K) a = 9.983 esd 0.001, ¢ =
8.360 esd 0.001A. These values plot close to the ‘nor-
mal nepheline line’ and in this respect the new speci-
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Table 2. Change in proportions of the two phases present in
Type-B nephelines after annealing near the low-temperature

inversion

Specimen Mol. % Ks % of phase with lower ¢ parameter

Before annealing  After annealing
NE. Schairer 0 30 45
A.407 0 30 30
NE.12 0.36 30 50
NE.1289 0.30 80 50
A.72 0 40 80

mens are similar to other sub-potassic nephelines im-
mediately above their inversion temperatures
(Henderson and Roux, 1977, Fig. 3). Note that
NE.1289 shows an increase of 0.085A in c relative to
the room temperature value.

Henderson and Roux (1977, p. 290 and 293) re-
ported that the proportions of the two phases in
Type-B nephelines at room temperature changed
with thermal treatment. We have attempted to quan-
tify this effect by comparing the peak heights of the
split components of the (002) and (004) reflections
before and after annealing the samples near the low-
temperature inversion for 2 to 3 hours (Table 2). Be-
cause the split components substantially overlap, the
estimated proportions are not better than +20 per-
cent (relative). After thermal treatment, A.72 and
NE. Schairer (both pure-Na) and NE.12 (0.36 per-
cent Ks) show increased proportions of the phase
with the lower ¢ parameter whereas.this phase de-
creased in proportion in NE.1289 (0.30 percent Ks).
All heat-treated samples show a marked increase in
the intensities of the 30.2° 24 extra reflection; thus it
is the low-symmetry second phase that increases in
amount. These relations allow the relative ¢ parame-
ters of the two phases in Type-B nephelines to be de-
duced for all samples except A.407. Thus in A.72,
NE. Schairer, and NE.12 the low-symmetry second
phase has the lower ¢ parameter while the phase with
the orthorhombic 3¢ superstructure has the higher ¢
parameter. In NE.1289 the converse is true. Note
that the ¢ parameters for the low-symmetry phases in
A.72 and NE. 1289, estimated from the split (002) and
(004) reflections, are very similar, with values of
8.325 and 8.315A, respectively.

Differential scanning calorimetric study

DSC procedures with the Perkin Elmer DSC-2

DSC analysis is a comparative technique involving
electrical-thermal balance between a sample sealed
in a gold pan against an empty reference gold pan in
the twin platinum holders of an adiabatic enclosure
(O’Neill, 1966). The temperature scans with the DSC
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were performed at a rate of 10° min~' with an in-
strument RANGE setting of 5 mV sec™ cm™'. Temper-
ature and energy calibrations were made relative to
the melting of indium metal (429.8 K) and the o-8
quartz inversion (844.0 K) (Table 3). Because of the
limited amounts of material available, only one ali-
quot was studied for some nepheline samples. How-
ever, two different aliquots studied for each of
NE.12, NE.1289, and NE.17 showed that the DSC
scans were reproducible.

Because the voltage displacement on a DSC scan is
a function of mass, the weights of empty gold pans,
sapphire reference disc, and the powdered nepheline
samples in their gold pans were determined with a
digital microbalance before and after each scan. Al-

Table 3. Experimental heat capacities of pure-Na, Type-B
nepheline A.407 (g.f.w. = 142.055 g) determined by differential
scanning calorimetry

Temp. Heat Temp. Heat
capacity capacity
T b T cB
Kelvin J/(mol. K) Kelvin J/(mol. K)
367.8 135.5 466.8 165.5
372.8 136.3 471.7 157.6
377.7 137.7 476.7 152.9
382.7 138.4 481.6 148.1
337.6 139.6 486.6 147.8
392.6 140.5 496.1 145.2
397.5 141.6 501.1 145.6
402.5 142.2 506.1 148.9
407.4 143.5 511.1 146.7
412.3 144.9 521.1 147.0
417.3 146.3 531.1 147.6
422.2 149.4 541.0 149.1
427.2 159.9 551.0 149,2
432.1 155.2 561.0 150.0
437.1 159.6 571.0 151.0
581.0 151.2
442.0 161.5 591.0 152.4
447.0 159.0 601.0 153.1
451.9 161.3 610.0 153.6
456.9 169.7 621.0 154.0
461.8 178.0 630.9 1545
640.9 154.9
650.9 155.9
660.9 156.4
670.9 157.8
680.9 158.6
690.9 159.3
700.9 160.7

Heat capacity was determined with reference to = -Al_O

(Ditmars and Douglas, 1971) and is believed to be accardte to
within 1 percent on the basis of alternate scans on a sapphire disc
and o4 -Al_O,_ powder.

Tempszratures were calibrated against psak onset for indium
melting at 429.8 K and the = -2 quartz inversion at 844.0 K and
have a precision of ~ 0.2°
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Fig. 1. Tracings of DSC scans for various nepheline samples in the temperature interval 340 to 600 K. Scans were made at 10 K
min~!, with a RANGE setting of 5 mcal sec™' cm™", chart range 10 mV (= 25 cm) and chart speed 20 mm min~". The scan for NE.1289 is
the fourth heating scan (after the three scans in Fig. 2). Sample weights are between 20 and 30 mg. The solid vertical lines refer to the
temperatures (+10 K) at which the extra X-ray reflections at ~28.2°6 CuKa disappear, and the dotted vertical lines to those (£10 K) at
which the 30.2°28 CuK« extra X-ray reflections disappear. The displacements are a function of sample mass and heat capacity of sample
and enclosing gold pans, and are measured relative to the low- and high-temperature isothermals bracketing the scans.

lowance was made for the small amounts of pow-
dered samples that were lost during removal of the
gold pans with a vacuum tool. Chart measurements
were used as input for a computer program (origi-
nally written by K. Krupka, U.S. Geological Survey,
Reston, and modified at ETH, Ziirich) to make the
necessary corrections for temperature calibration,
differences in sample pan weights, energy calibration
constant for the DSC instrument, and differences in
low- and high-temperature isothermal baselines. The
program was also used to compute the sample heat
capacity relative to corundum (the sapphire reference
disc), using data of Ditmars and Douglas (1971).

DSC results

Tracings of the chart recorder output for various
nepheline specimens are shown in Figure 1. A scan
interval of 340 to 600 K was used for N.4 (pure-Na,
Type-A), NE. Schairer (pure-Na, Type-B), NE.1289
and NE.12 (both Type-B, 0.3 and 0.36 percent Ks,
respectively), and NE.17 (1.6 percent Ks, Type-C).
The scan interval for A.407 (pure-Na, Type-B) was
340-700 K and that for A.417 (27 percent Ks, Type-
H) was 340-520 K.

The DSC scans for the Type-A, pure-Na nepheline
(N.4) show only a smooth, continuous displacement
without peaks over the temperature range 340 to 600
K (Fig. 1); Type-H nepheline (A.417) has a similar
behavior between 340 and 520 K. The DSC scan for

the Type-C nepheline (NE.17) has a single peak near
360 K (Fig. 1). The scans for the Type-B nephelines
are more complex. NE. Schairer (pure-Na) shows
two broad peaks, of approximately equal intensity,
near 430 and 470 K; the other pure-Na, Type-B
nepheline (A.407) shows a similar overall behavior,
but the lower temperature peak is less pronounced.
The scan for NE.12 (0.36 percent Ks) also shows two
broad double peaks some 5° below those of NE.
Schairer. The scan shown in Figure 1 for NE.1289
(0.3 percent Ks) is the fourth successive heating scan
for this specimen and shows two distinct peaks near
370 and 390 K, each having a shoulder possibly con-
cealing a second peak.

The nature of the DSC scans is noticeably depen-
dent on temperature cycling, as is well illustrated for
Type-B specimen NE.1289 (Fig. 2). The first scan,
made without initially cycling between the low- and
high-temperature isothermals so that the sample was
not annealed, produced a strong split peak near 410
K with a minute irregularity near 425 K. The second
heating scan on NE.1289 included cycling the sample
across the full temperature interval, thus annealing it,
and showed two distinct peaks. The lower-temper-
ature peak contains shoulders corresponding to the
split peak of the first scan. The higher-temperature
peak, near 425 K, corresponds to the minute irregu-
larity near this temperature observed in the first scan.
Note that the combined area under the two peaks of
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Fig. 2. Traces of DSC scans for Type-B nepheline sample
NE.1289, made under the same machine conditions as for Fig. 1.
Trace A represents the first heating without cycling the sample
through the inversion. Curve B represents the second heating,
including cycling the sample through the temperature range to
adjust lower and upper isothermals. Curve C represents a cooling
scan made directly after B. Curve D represents the third heating,
including isothermal adjustments, made after C. See Fig. 1 for the
fourth heating trace.

the second scan is similar to that under the single
peak of the first scan. A cooling scan from 510 to 330
K was made directly after the second heating scan.
This cooling scan revealed a single peak about 10°
below and of comparable area to that of the first
(unannealed) scan, and a small feature near 355 K.
After the cooling scan, a third heating scan (again
annealing between the low- and high-temperature
isothermals) was performed and also revealed the
two peaks. There was an apparent increase in the
area under the higher temperature (~425 K) peak at
the expense of the area under the lower peak (~410
K). The fourth heating scan on NE.1289 (Fig. 1) is
similar to the third scan (Fig. 2) in terms of peak area
and shape.

The presence of peaks in the DSC scans confirms
the occurrence of crystallographic inversions in these
nephelines, some of which may be lambda transitions
(Rao and Rao, 1978, p. 22). However, it is not clear
whether the broad DSC peaks in some specimens
represent lambda transitions, proceeding more slowly
than the a—f quartz inversion, or whether they reflect
the superposition of transitions due to different com-
position domains in chemically zoned crystals (see
later discussion). If the temperature scanning rate
keeps pace with the rate of the nepheline inversion,
the temperatures and areas under the DSC peaks
could be used to obtain quantitative values for the
heats of transition relative to the a-8 quartz in-
version and indium melting peaks (see later).

Discussion

Relationship between DSC and X-ray results

The absence of DSC peaks in Type-H nepheline
A.417 (27 percent Ks) and the absence of discontin-
uities in its thermal expansion behavior (Henderson
and Roux, 1976) confirm that such nephelines have
the normal HBC structure at room temperature.

The absence of DSC peaks in Type-A nepheline
(N.4, pure-Na) between 340 and 600 K is significant
because an equivalent specimen (N.10) showed an
inflection in a at 453 K. Henderson and Roux (1977)
correlated this temperature with the low-temperature
inversion shown by pure-Na, Type-B nephelines, but
the extra X-ray reflections in N.10 did not disappear
until above 873 K. The DSC results confirm that
Type-A nephelines do not show the same transition
near 473 K as the pure-Na, Type-B nephelines.

The single DSC peak near 360 K for Type-C
nepheline NE.17 (1.6 percent Ks) can be correlated
with the temperature (365+5 K) at which the extra
X-ray reflection near 28.2°28 disappears (Fig. 1). In
addition, Type-C nepheline N.233 (0.3 percent Ks)
showed inflections, but not discontinuities, in the
thermal expansion of the cell edges close to the tem-
perature at which the 28.2°26 peak disappears (Hen-
derson and Roux, 1977, Fig. 6). It seems clear that
the single DSC peak is caused by the inversion of the
orthorhombic 3¢ superstructure, characteristic of
Type-C nephelines, to hexagonal symmetry.

The occurrence of two peaks in the DSC scans for
Type-B nephelines is consistent with the presence of
two phases, as suggested by the split (002) and (004)
X-ray reflections. The temperatures of the lower-tem-
perature DSC peaks in Type-B nephelines are within
~10 K of those at which the extra X-ray reflection at
28.2°28 disappears (Fig. 1). By analogy with Type-C
nephelines, this DSC peak is presumably caused by
inversion of one of the phases from orthorhombic (3¢
superstructure) to hexagonal symmetry. The higher-
temperature DSC peaks in Type-B nephelines can be
correlated with the temperatures at which the
30.2°20 extra X-ray reflection disappears (Fig. 1);
this reflection is characteristic of the lower-symmetry
phase. Type-B nephelines also show discontinuities
in cell volumes at this temperature (e.g. NE. Schai-
rer, Fig. 6, Henderson and Roux, 1977). The higher-
temperature DSC peak can, therefore, be correlated
with inversion of the low-symmetry (second) phase to
hexagonal symmetry.

The assignments of the DSC peaks in Type-B
nephelines are consistent with the proportions of the
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phases deduced from X-ray and DSC scans for
NE.1289. The increase in intensity of the higher-tem-
perature DSC peak for NE.1289 after temperature
cycling suggests that the phase producing this peak
increased in proportion. This effect is also seen in the
high-temperature X-ray results, which show that the
phase with the higher ¢ parameter increased in
amount during annealing (Table 2). We have already
deduced that in NE.1289 the low-symmetry second
phase has the higher ¢ parameter and, therefore, the
higher-temperature DSC peak can be correlated with
the inversion shown by this phase.

The DSC trace obtained on cooling NE.1289 im-
mediately after the second heating (Fig. 1, scan C)
shows only a single peak near 400 K. This behavior is
consistent with the reappearance of both the 28.2°
and 30.2°20 extra X-ray reflections at 400+5 K upon
cooling. Thus both inversions in NE.1289 appear to
be indistinguishable on cooling. In addition, broad-
ening, and ultimately splitting, of the (002) reflection
can only be detected at ~363 K; this broadening may
be correlated with the small feature on the DSC scan
near 355 K (Fig. 2, scan C).

Dependence of inversion temperature on composition

The work of Henderson and Roux (1977) and the
results of our X-ray and DSC studies demonstrate a
clear relationship between increasing Ks content of
nepheline and decreasing temperature of the inferred
orthorhombic to hexagonal inversion. In Type-B
nephelines this inversion has been correlated with the
lower DSC peak (Fig. 1). The upper DSC peak also
appears to be displaced to lower temperatures with
increasing Ks.

The identification of two inversion peaks in the
DSC study of Type-B nephelines could imply that
the two phases in these samples coexist stably and
have different Ks contents. Henderson and Roux
(1977) considered this possibility for Ks-bearing
Type-B nephelines but pointed out that it could not
be the case for the supposed pure-Na, Type-B speci-
mens. They concluded that the two phases in the lat-
ter specimens had the same composition, that the or-
thorhombic 3¢ superstructure was metastable, and
that the lower-symmetry phase was the stable low-
temperature form. Our results are not inconsistent
with this interpretation, but the presence of small
amounts of impurity K,O in the nominally pure-Na
nephelines could have an important effect. Partial
analyses of A.407 and NE. Schairer gave
<0.005+0.005 wt. percent and 0.008+0.005 wt. per-
cent K,O, respectively, for these specimens (equiva-
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lent to maximum values of ~0.03 and ~0.04 mol.
percent Ks). The Schairer nepheline specimen, after
annealing, contains approximately equal proportions
of the two phases. If we assume that one of these was
K-free, the other would contain ~0.08 percent Ks,
which leads to a downward displacement of only ~8°
in the inversion temperature for the Ks-bearing
phase. In fact, the two DSC peaks in NE. Schairer
are ~35° apart, suggesting that the existence of the
two heat effects in Type-B nephelines cannot be pri-
marily due to the two phases having different Ks con-
tents. It is noteworthy, however, that the two DSC
peaks in the Ks-bearing Type-B nephelines NE.12
and NE.1289 both have shoulders or split peaks (Fig.
1). The fine structure of the DSC scans, including
split peaks and shoulders, were reproducible in re-
peated scans on the same sample and in second ali-
quots taken from NE.1289 and NE.12. These com-
plexities may indicate the presence of phases having
slightly different Ks contents in at least these sam-
ples. However, in view of the findings of Ishibashi
and Takagi (1975), it is not certain whether the com-
plexities are the result of sample configuration and
thermal properties rather than due to the presence of
two discrete phases.

Although Type-B nephelines NE.12 and NE.1289
have almost identical bulk compositions (0.36 and
0.30 percent Ks, respectively) they show significantly
different DSC behavior on both heating and cooling
(Figs. 1 and 2). These two nephelines could have dif-
ferent degrees of Na and K ordering between the two
cation sites, but the limited amount of ordering pos-
sible for such K-poor compositions would be un-
likely to cause such different behavior. In addition,
both specimens are members of the NaAlSiO,~
KAISiO, series and should not contain any excess Si,
which precludes the possibility that the samples may
have different degrees of vacancy disorder in the
larger cation site. The reason for the different behav-
jor of NE.12 and NE.1289 is not fully understood,
but it presumably is related to their very different
states of framework collapse below the low-temper-
ature inversion (see Table 1, especially the ¢ parame-
ters). One of the factors controlling the state of col-
lapse is believed to be variation in the degree of Si,Al
ordering in the framework of the different samples
(Henderson and Roux, 1977, p. 296).

The possibility that the coexisting phases in Type-
B nephelines could have different bulk Si/Al ratios
cannot be excluded, but the reasons adduced by
Henderson and Roux (1977, p. 295) against this pos-
sibility still seem valid to us. Although the room-tem-
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perature ¢ parameters for the orthorhombic 3¢ super-
structures in A.72 and NE.1289 differ by as much as
0.12A, the lower-symmetry phases, which increase
in amount on annealing in both specimens, have
almost identical room-temperature ¢ parameters
(8.320+0.005A, based on HBC-indexing). Thus
phases with the orthorhombic 3¢ superstructure oc-
cur in very different states of framework collapse.
These structures are almost certainly metastable, and
the low-symmetry phase therefore appears to be the
stable low-temperature form.

Relations between low-temperature inversions in
nepheline and tridymite

Henderson and Roux (1977) related the occur-
rence of the low-temperature inversion in sub-potas-
sic nephelines to the collapse of the ‘tridymite-type’
framework about the small Na atoms occupying the
larger cation sites (Dollase, 1970; Foreman and Pea-
cor, 1970). They also drew attention to the similar
behavior of tridymite, which exhibits displacive
transformations near 470 K and which forms various
lower-symmetry (pseudohexagonal) cells below 470
K (Sato, 1963a,b, 1964; Dollase, 1967; Kihara, 1977,
Nukui ez al., 1978).

Thompson and Wennemer (1979) measured the
heat capacities of synthetic tridymite, cristobalite,
and tridymite—cristobalite ‘mixed phases’ by DSC.
Tridymite showed a sharp peak at 390 K and two
broad, overlapping peaks in the range 436470 K.
These heat effects were correlated with the mono-
clinic to low-orthorhombic and low-orthorhombic to
intermediate-orthorhombic tridymite inversions of
Nukui et al. (1978).

The DSC traces for sub-potassic nephelines and
tridymite are broadly similar in that DSC peaks oc-
cur within similar ranges of temperature. The single
DSC peak occurring in Type-C nephelines (NE.17)
has a similar form to the 390 K peak in tridymite.
The two peaks occurring in Type-B nephelines (e.g.
A.407) are similar in form and temperature range to
the broad heat effects between 436 and 470 K in tri-
dymite. These similarities support the suggestion
(Henderson and Roux, 1977) that the low-temper-
ature inversions in sub-potassic nephelines are pri-
marily a property of framework collapse and that the
interframework cations play a relatively subordinate
role. Further correlation between nepheline and tri-
dymite is not possible because we do not fully under-
stand either the nature of the structures of the stable
low-temperature forms or the role of ‘structural cav-
ities’ (defects) in determining the structure. In addi-
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tion, the nature of tridymite-cristobalite ‘mixed
phases’ is not yet known (Thompson and Wennemer,
1979), but their occurrence suggests the possible exis-
tence of analogous nepheline—carnegieite ‘mixed
phases.” If such structural modulations exist as do-
mains in sub-potassic nephelines (e.g. in the two-
phase Type-B nephelines) the problem of character-
izing the stable low-temperature form of nephelines
will become even more complex.

Correlation of heat capacity measurements with
previous data

Our data for the heat capacity (C,) of nepheline
A.407 (pure-Na, Type-B) are shown as a function of
temperature in Figure 3. Also shown are the low-
temperature (50-298 K) adiabatic calorimetric mea-
surements for synthetic nepheline (NaAlSiO,) and
kaliophilite (KAISiO,) from Kelley et al. (1953).
(Note that the nepheline sample used by these work-
ers was synthesized by J. F. Schairer and presumably
is similar to our specimen NE. Schairer.) Kelley ef al.
also measured the heat contents for the same syn-
thetic nepheline sample from 387 to 1509 K by drop
calorimetry and presented three linear equations of
C; vs. T for the ranges 298-467 K (the low-temper-
ature inversion), 467-1180 K (the high-temperature
inversion), and 1180-1525 K. These equations were
adopted by Robie et al. (1978) in their recent com-
pilation of thermochemical data. The fits for the 298-
467 K and 467-1180 K ranges are shown by short-
dashed lines in Figure 3. Our C; data for A.407 above
500 K agree well with the 467-1180 K equation of
Kelley ef al. (1953, p. 15). However, their equation
for the range 298-467 K represents only an average
of measurements for sample A.407 because of the
complex behavior of C; at the inversions. The DSC
measurements (summarized in Table 3) suggest that
the peaks at 439 K and 462 K may represent lambda-
type transitions (see also Kelley et al., 1953, p. 15).

The difficulties in evaluation of H,—H,, and S~
S-os from heat capacity measurements across broad
transitions are well known (see Rao and Rao, 1978).
However, the C, data obtained for nepheline A.407
(Table 3) have been fitted to polynomial equations
covering various temperature ranges. The smoothed
values of C, and the integrated functions, H;—Hes
and S7-S5.; are presented in Table 4. The heat in-
volved in the transition (Fig. 3) for the inversions in
A.407 was estimated by subtracting 14229 J mol™,
the area between 400 K and 500 K below the extrap-
olated 467-1180 K C; equation of Kelley et al., from
the integrated areas in Table 4 (15397 J mol™'). The
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Fig. 3. Heat capacity (C;) in joules mol™' K™! as a function of temperature for the specimen of pure-Na, Type-B nepheline A.407
measured by DSC (< symbols between 370 and 700 K); note the presence of two peaks near 440 and 460 K. Also shown are data points
for synthetic nepheline (], NaAlSiO,) and kaliophilite (A, KA1SiO,4) to 298 K determined by adiabatic calorimetry (Kelley e? al., 1953).
The short-dash lines, passing approximately through the transitions to 467 K and from 467 to 700 K, refer to the fits to the drop
calorimetric data for NaAlSiO, (Kelley ef al., 1953). The long-dash curve refers to equivalent fits for KAISiO, (sce Robie et al., 1978, p.

405-416).

resulting value for the heat of transition (1168 J
mole™") is not noticeable on the scale of Figure 4 of
Kelley et al., and has not been used to introduce dis-
continuities into the integrated functions H,—H.
and S;-S5; presented in Table 4.

Although the 298-467 K C, equation of Kelley et
al. Tepresents an average of our measurements for
sample A.407, it will only be valid for nominally
pure-Na, Type-B nephelines because the heat capac-
ity relationships for Ks-bearing Type-B and -C neph-
elines will clearly be different from those for the
specimen of Kelley et al. (¢f. NE. Schairer with Ks-
bearing nephelines in Fig. 1). In addition, we have
shown that Type-H nephelines do not exhibit any

DSC peaks between 340 and 520 K; the only neph-
elines likely to show such peaks in this temperature
range are those with <2.5 percent Ks. The natural
nephelines occurring in igneous and metamorphic
rocks (e.g. Dollase and Thomas, 1978) and meteorites
(e.g. Allende; Grossman and Steele, 1976) invariably
contain more than 2.5 percent Ks and should show
smooth curves of C; vs. temperature with no discon-
tinuities. Therefore, although the equation of Kelley
et al. between 467 and 1180 K can be used as a refer-
ence in thermochemical calculations applied to natu-
ral nephelines, the equation below 467 K will nor-
mally not be valid. Similar reasoning can be used to
justify the extrapolation of the equation of Kelley ez
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Table 4. Smoothed molar thermodynamic properties for
nepheline A.407 (NaAlSiO,)

660.
630.
700.

157.
158.
159.

52949 114.
56103 119.
59285 123.

o o o o o
z & Hr 08 R e
Kelvin J/(mol. K) J/(mol.) J/fmol. K)
298.15 119.2 0 0
302.0 119.7 221 0.7
350.0 131.4 6501 20.1
360.0 133.5 7826 23.8
370.0 135.7 9172 27.5
380.0 137.9 10540 31.2
390.0 140.0 11930 34.8
400.0 142.0 13340 38.3
405.0 142.1 14056 40.1
410.0 142.9 14775 41.9
415.0 144.3 15499 43.6
420.0 146.3 16231 45.9
425.0 149.0 16976 47.1
430.0 152.3 17735 48.9
435.0 156.3 18513 50.7
440.0 160.9 19312 52.5
445.0 158.8 20119 54.4
450.0 160.6 20913 56.1
455.0 166.2 21727 57.9
460.0 174.8 22579 59.8
470.0 160.4 24263 63.4
480.0 150.2 25811 66.7
490.0 145.5 27285 69.7
500.0 145.7 28737 72.7
510.0 146.4 30197 75.5
520.0 147.1 31664 78.4
540.0 148.5 34620 84.0
560.0 149.9 37604 89.4
580.0 151.3 40616 94.7
600.0 152.7 43657 99.8
620.0 154.2 46726 104.9
640.0 155.6 49823 109.8
0 0 6
0 4 3
0 8 9

The low temperature adiabatic data for nepheline (Kelley et al.,
1953) was included in the smoothing of the data and thus 298.15 K is
the chosen reference temperature. It is, therefore, assumed that
no further transitions occur between 298 and 370 K. Note that the
integrated functions have not been adjusted for heat or entropy of
transition.

al. over the range 467-1180 K to temperatures above
1180 K, because the high-temperature inversion in
nepheline only occurs in specimens with <5 wt. per-
cent Ks (Tuttle and Smith, 1958).

Conclusions

Both DSC and X-ray studies indicate that the in-
version characteristics of sub-potassic nephelines are
dependent upon nepheline type. Type-C nephelines
(0.7 to 2.5 percent Ks) have a single, sharp DSC peak
between 340 and 600 K. The temperature at which
this transition occurs may be correlated with the or-
thorhombic (3¢ superstructure)-hexagonal inversion.
Type-B nephelines (<0.7 percent Ks) have two DSC
peaks below 480 K. The lower-temperature transition
may be correlated with the orthorhombic-hexagonal

inversion (¢f. Type-C) and the upper-temperature
transition with the low-symmetry (second phase)-
hexagonal inversion. In contrast, Type-H nephelines
(>2.5 percent Ks) show no DSC peaks indicative of
transitions or inversions between 340 and 520 K; they
are hexagonal at room temperature. Type-A neph-
elines (pure-Na) also have no transitions between
340 and 600 K.

Similarities between the DSC scans of sub-potassic
nephelines and tridymite support the suggestion that
low-temperature inversions in nepheline are primar-
ily caused by collapse of the framework. The inter-
framework cations appear to have only a modifying
effect.

In experimental studies of nephelines, the propor-
tions of NaAlSiO,-KAlSiO,[1SiSiO, (tridymite)
and the amount of framework or interframework or-
der—disorder will influence the inversion character-
istics and possibly the phase relations, especially if
metastable structures occur. These complicating fac-
tors should be considered when natural nephelines
from igneous and metamorphic rocks are studied.
For studies attempting to obtain thermochemical
properties for nepheline solid-solutions, the equation
of Kelley er al. (1953) fitting the heat capacity data
for pure-Na nepheline above 467 K can be applied to
Ks-bearing nephelines. However, the Kelley er al.
equation between 298 and 467 K is an averaged fit
which, because of complexities introduced by the oc-
currence of the low-temperature inversions, is spe-
cific to pure-Na, Type-B nephelines.
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Abstract

In pyroxenoids containing cationic hydrogen [pectolite, schizolite, serandite, unnamed
Ca(Sc,Fe**)H[Si,05], synthetic Cd,NaH[Si,0;], nambulite, Li-hydrorhodonite, santaclaraite,
and babingtonite] the identity periods of the silicate chains are approximately 0.25A shorter
than those of corresponding non-acid pyroxenoids with similar mean cation size (wollaston-
ite, bustamite, rhodonite). This observation is interpreted as caused by the reduction of repul-
sive forces between [SiO,] tetrahedra of the silicate chains due to an increase of the average
electronegativity of the cations when cationic hydrogen is present. This effect (which exists
also in polyphosphates and probably polygermanates) is an extreme case of the general effect
that anionic tetrahedral chains will be less stretched when the average electronegativity of the
cations is higher, which compensates the valence of the chains. The theory explains why acid
chain silicates are common in pyroxenoids but not observed in pyroxenes.

Introduction

Pyroxenoids are silicates containing unbranched
single chains {U, ..} [Si,0;,] with periodicities p = 3,
5,7,9, i.e. with an odd number of [Si0,] tetrahedra
in the repeat unit of the chains. Although the pyrox-
enes have a crystallographic periodicity p.,,. = 2,
they can be regarded as end members of the pyroxe-
noid series with a formal periodicity p,,,. = 2n + 1
with n — oo (Liebau, 1972).

In pyroxenes as well as in pyroxenoids cation-oxy-
gen octahedra share edges to form octahedral slabs
that can be regarded as one-dimensionally infinite
parts of the hexagonal or pseudo-hexagonal octahe-
dral layers characteristic of the hydroxides M(OH),,
M = Mg, Zn, Mn, Ca, and of most of the clay miner-
als. Takéuchi and Koto (1977) have pointed out that,
based on the structure of the octahedral slabs, two
groups of pyroxenoids can be distinguished. Using
the most common members of each group, wollas-
tonite and pectolite, they named the two groups of
pyroxenoids the w-p series and the p-p series, respec-
tively. Table 1 shows that the known members of the
w-p series are anhydrous while those of the p-p series
contain hydrogen atoms bonded to [SiO,] tetrahedra,
i.e. they are acid silicates.

Ohashi and Finger (1978), in their discussion of
the role of octahedral cations in pyroxenoid crystal
chemistry, point out that “the role of hydrogen
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would be at least as important as that of the alkali
atoms in making the structures of hydrous pyroxe-
noids distinct from those of anhydrous ones.” How-
ever, since the positions of the hydrogen atoms have
not yet been accurately determined, no further dis-
cussion of their crystal-chemical role was offered.

A regression analysis of 54 single-chain silicates
(Liebau and Pallas, in preparation) revealed a strong
negative correlation between the degree of stretching
of the silicate chains, measured by a stretching factor
fs = Lnan/l. - p, and the average values x and » of the
electronegativities and valences of the cations. L., is
the chain period in A, I, = 2.70A is the length of the
tetrahedral edge in shattuckite, Cu,[Si,0],(OH),, the
silicate with the most stretched chain known (Evans
and Mrose, 1977), and p is the periodicity of the
chain. For pyroxenes and pyroxenoids, for which »
hardly deviates from 2, an additional positive corre-
lation between stretching factor and the average cat-
ion radius is observed.

Observations

Table 1 gives the lattice parameter along the chain
direction, I..., for the known p-p series silicates.
Also given are the chain periods for those w-p series
silicates which have a similar average cation radius
as the p-p series silicates (hydrogen not considered).
Where the acid—non-acid pairs are known, the chain
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Table 1. Comparison of the chain periods of acid pyroxenoids (p-p series) with those of corresponding non-acid pyroxenoids (w-p series)

E;Ei- acid compounds A Ichain non-acid compounds
. o o o )
city name formula ref. Ichain[A] [A] Ichain[A] formula name ref.
pectolite CazNaH[Si309] 1 7.040 0.28 7.320 Ca3[Si309] parawollastonite 2
schizolite (Ca,Mn)zNaH[Sl309] 3 6.978 0.25 7.231 Caz'35(Mn,Fe,Mg)0‘65[S1309] Ca-bustamite 3
:3 serandite MnZNaH[Slaog] 4 6.889 0.20 7.091 CaO.QS(Mn,Fe,Mg)Z'05[51309] Mn-bustamite 3
ca(se,Fe IH[Si,0] 5 7.076
synthetic CdzNaH[Siaog] 6 6.980
. '
synthetic NaZH[P309] 7 6.76 0.24 7.00 N§£P309] Maddrell's salt ]
Lizhydro= v rin[si 0. ] 9 12.039 0.20 12.235  Mn.[51,0,,] synthetic 10
rhodonite 4 5715 ) ’ ’ ). -
nambulite MnA(Na,Ll)H[Slsolsj 11 12.016 O.Zi} 12.233 (Mn,Fe,Mg)A.2]Ca0.79[5150]§ rhodonite 12
santacla- .
E; TAiEe MnACaH[Slsols](OH)' 13 12.001 0.23
H,0
Eit:“gm_ Ca2Fe2+Fe3+H[Si50‘5] 14 12.18
15 12.245
synthetic CdALlH[GESOIS] 16 12.673
synthetic CdaNaH[GeSOIS] 16 12.591
References:
1 Prewitt, 1967 5 Mellini, 1978 9 Murakami et al., 1977 13 Ohashi & Finger, 1980
2 Trojer, 1968 6 Belokoneva et al., 1974 10 Narita et al., 1977 14 Kosoi, 1976 .
3 Ohashi & Finger, 1978 7 Jost, 1962 11 Narita et al., 1975 15 Araki & Zoltai, 1972
4 Takéuchi et al., 1976 8 Jost, 1963 12 Peacor & Niizeki, 1963 16 Simonov et al., 1978

periods of the p-p silicates are approximately 0.25A
shorter than those of the corresponding w-p silicates,
independent of the periodicity of the silicate chains.
The same amount of shrinkage has been observed in
acid Na,H[P,0,] in comparison with Maddrell’s salt,
Na,[P,0,], which is isostructural with disordered
wollastonite, Ca,[Si,O,]. The period of a pyroxenoid
chain consists of n double tetrahedra and a single off-
set tetrahedron sticking out from the chain like a
nose, adding up to p = 2n + 1 tetrahedra per period.
Independent of the periodicity of the chains, the
shrinkage of the chains in the acid compounds takes
place mainly by rotation of the two tetrahedra at-
tached to a single off-set tetrahedron. Figure 1 com-
pares the structures of manganoan wollastonite,
(Ca,Mn),[Si,0,)], and serandite, (Ca,Mn),NaH[Si,0,},
(Ohashi and Finger, 1978) as typical representatives
of the two series of pyroxenoids. Whereas in the acid
compounds the three tetrahedral edges designated
A-A’, B-B’, and A’-B’ in Figure 1 form an approxi-
mate open square, they form an open trapezoid in
the phases containing no cationic hydrogen. In al-
most all the acid phases of Table 1 the presence of

hydrogen bonds A-H-B has been proposed because
of short A---B distances between 2.41A and 2.60A or
because residual electron-density maxima have been
found between the atoms A and B on difference Fou-
rier syntheses. These hydrogen bridges form the
fourth sides of the squares A-A’-B’-B.

Crystal-chemical discussion

Rather than a geometric description of the differ-
ences between atomic structures of the acid and non-
acid pyroxenoid phases and their isotypes, a chem-
ical explanation is desirable. Such an explanation
based on the nature of the chemical bonds would not
be restricted to crystalline single-chain silicates but
would also be valid for single-chain silicates in the
vitreous and liquid states as well as in solution. A
chemical explanation should even be applicable to
corresponding silicates containing geometries other
than single-chain anions. Such an explanation along
very simple and general lines is offered here.

Highly electropositive cations such as Na*, K,
Ca?*, Ba®* transfer their valence electrons almost
completely to the nearest anions. In silicates of such
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Fig. 1. Conformation of the tetrahedral single chains in
corresponding acid and non-acid silicates: (a) manganoan
wollastonite, (Ca,Mn);[Si;O0,]; (b) serandite, (Ca,Mn),NaH
[S1,05).

cations with the general formula M([Si,O,] each
[SiO.] tetrahedron carries a negative charge of almost
two electrons. Such high negative charges cause
strong repulsive forces between the tetrahedra and,
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therefore, lead to a stretching of the silicate chains.
As the electronegativity of the cations increases,
fewer electrons are transferred from the cations to
the silicate anions. This reduces the average charge
per [SiO,] tetrahedron and thereby the degree of
stretching of the chains.

The results of a regression analysis of single-chain
silicates (Liebau and Pallas, in preparation) also sup-
port the above electrochemical explanation by giving
a negative correlation between the stretching factor f,
and the average electronegativity x of the cations.
Hydrogen with its very high electronegativity (x =
2.1) represents an extreme case for this correlation.
The existence of cationic hydrogen considerably re-
duces the repulsive forces between silicate tetrahedra
along the chain, allowing less stretched chain con-
formations to be favored.

It seems reasonable to assume that the reduction of
negative charges on the silicate chain will be largest
at those tetrahedra to which the cationic hydrogen is
bonded and that the shrinkage of the chain is most
pronounced in the vicinity of these tetrahedra. This is
in agreement with the observations described in the
last section.

Due to the general influence of electropositive cat-
ions on the repulsive forces of chain anions, the
shrinkage effect of cationic hydrogen is not restricted

Table 2. Hypothetical acid and non-acid pyroxenoids and isotypic phases together with the phases from which they are predicted

peri- predicted phase predicted from

zii; formula Ichain R1 Ichain 21 formula ref.
Ca;Natl[Ge 504 ] 7.30 7.57 Ca,[Ge,04] 1

5 NaZH[AS309] 7.20 7.44 Na3[A5309] 2
NaZH[Be3F9] 6.90 TS Na3[Be3F9] 1
(Ca,Cd)3[Si309] 28 6.98 CdZNaH[Si309] 3
(Ca,Sc,Fe?" Na) 5 [51,0,] B 7.076 Ca(se,Fe> IHIS1,0,] 4
CdS[GESOISJ 12.90 12.673 CdALiH[GeSOIS] 5

3 12.591 Cd4NaH[G65015] 5
Ca,Fe’ Fe > (Li,Na)[$1,0 1 12.45 12.2 cagFe’ Fe> HISi 0 1 6,7

" (Ca,Fe)6(Li,Na)H[Si7021] 17.15 17.381 (Ca,Fe)7[Si7021] 8
(Ca,Mn)é(Li,Na)H[Si7021] 17.20 17.45 (Ca,Mn)7[Si7021] 9
| Liebau, 1960 4 Mellini, 1978 7 Kosoi, 1976
2 Liebau, 1956 5 Simonov et al., 1978 8 Burnham, 1971
3 Belokoneva et al., 1974 6 Araki & Zoltai, 1972 9 Liebau, 1959
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to single-chain silicates but also works in other com-
pounds such as polyphosphates, polygermanates, etc.

Conclusions

In general, acid hydrogen tends to form hydrogen
bonds. In chain silicates these may bridge either be-
tween oxygen atoms of [SiO,] tetrahedra of the same
chain (intra-chain hydrogen bonds) or between
[Si0,] tetrahedra of different chains (inter-chain hy-
drogen bonds). The latter would most probably dis-
rupt the infinite slabs of cation-oxygen polyhedra
and require a major rearrangement of the structure.
On the other hand, intra-chain hydrogen bonds will
not have to change the cation-oxygen clusters sub-
stantially and are therefore energetically easier to
achieve. The hydrogen bonds will be formed more
easily if the non-acid chains are already folded so
that two tetrahedra of the chain are sufficiently close
that slight rotation of these tetrahedra allows forma-
tion of a hydrogen bridge between them.

This requirement is fulfilled in the structures of the
non-acid pyroxenoids and their isotypic poly-
germanates and polyphosphates but fails for the py-
roxenes and their isotypes, although their structures
are closely related to those of the pyroxenoids (end
members of the pyroxenoid series). In fact, pyroxenes
containing cationic hydrogen have not been reported
in the literature while acid pyroxenoids are quite
common. In conclusion, if acid pyroxenes should be
discovered, they would contain inter-chain rather
than intra-chain hydrogen bonds and would be less
stable than the acid pyroxenoids.

Some hypothetical pyroxenoid-type phases and
their approximate chain periods are further predicted
(Table 2) from the information on known pyroxe-
noids.

At first glance one would expect that acid ana-
logues of multiple-chain silicates could also exist for
xonotlite, Ca, (2.} [Si,O,,](OH), (Mamedov and Be-
lov, 1956), inesite, Ca,Mn, {21} [Si,,04](OH), - 5SH,0
(Wan and Ghose, 1978), canasite, Ca;Na/K,{4.}
[$1,,0:]J(OH,F), (Shiragov et al., 1969), and miserite,
Ca,K,[S1,0,],{4.} [Si.05](OH,F), (Scott, 1976).
However, since in multiple chains the freedom of ro-
tation of the tetrahedra is considerably reduced,
more energy would be required to shorten a multiple
chain by 0.25A per chain period as compared with
the case of single chains. Therefore, only in favorable
cases could acid multiple-chain silicates with intra-
chain hydrogen bridges be formed. One such case
might be canasite, which has a chain period of only
7.19A for the non-acid chains.

Note added in proof

The crystal structure of an unnamed acid silicate,
(Mn?*, Mn’*);Na, ;H{B.L} (SissV,5)0,5]J(OH), has
been published by R. Basso and A. Della Giusta
(Neues Jahrb. Mineral. Abh., 138, 333-342, 1980).
This silicate contains open-branched fiinfer single
chains with L,,,, = 11.962A. In agreement with the
other acid pyroxenoids discussed this period is 0.27A
shorter than that of the corresponding non-acid
rhodonite.
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Abstract

Least-squares refinements of the structure of low albite from Amelia, Virginia with three-
dimensional neutron and X-ray diffraction intensity data sets yield weighted R factors of
0.024 and 0.035, respectively, with anisotropic thermal models. The two methods result in es-
sentially identical positional parameters, though slight differences in thermal parameters may
be due to the variation in relative scattering powers. Direct refinement of Al/Si occupancy of
tetrahedral sites was possible for the neutron data but not for the X-ray data, resulting in the
following values of (T-O) (in A) and Al occupancy (associated errors in parentheses): T,0
1.743(1)A, 0.97(2) AL; T;m 1.609(1)A, 0.04(2) AL T,O 1.614(1)A, 0.0 Al; T,m 1.616(1)A, 0.0
Al The difference between the refined T,0 occupancy and an Al-filled T,O site is significant
at a 90% confidence. When these data are combined with other neutron diffraction estimates
of order/disorder for a low sanidine and Himalaya orthoclase, a non-linear plot of (T-O) vs.
Al content results, which is best fit with a 3rd-order polynomial. This curve differs from the
linear plot by as much as 0.016A in the high-Al region. However, direct comparison of av-
erage T-O bond lengths between ordered and disordered tetrahedra includes an apparent
shortening in disordered feldspars (comparable to a thermal motion effect) which may
amount to 0.003A. Analysis of the apparent-thermal-motion anisotropy of the Na site with
displacive split-site models yields a splitting distance of 0.39A for both data sets, but a single-

Na, anisotropic thermal model is preferred.

Introduction

Since Barth (1934) first suggested that the poly-
morphism of K-feldspars resulted from order—dis-
order of Al and Si atoms, a considerable effort has
been made by crystallographers, mineralogists, and
petrologists to characterize Al-Si distributions in nat-
ural and synthetic feldspars. The primary reasons for
the intense interest in this subject are (1) the natural
abundance of alkali feldspars in the Earth’s crust and
(2) their potential for geothermometry from a de-
tailed knowledge of the composition-, temperature-,
and pressure-dependence of intracrystalline Al-Si
distributions. Smith’s (1954) important synthesis of
available structural data for feldspars provided the
basis for all subsequent optical and cell-parameter
methods for determining the degree of ordering of Al

0003-004X/80/0910-0986302.00

and Si among the tetrahedral sites. He used the
simple idea that Al-containing tetrahedra are larger
than Si-containing ones and correlated mean T-O
distances (T = Si,Al) with Al content of a tetrahe-
dron. Later revision of Smith’s study (Smith and Bai-
ley, 1963) and statistical analyses of the correlation
between mean T-O distance and % Al (Jones, 1968;
Ribbe and Gibbs, 1969) have provided linear regres-
sion equations for this correlation. However, serious
doubts about the linear relationship between mean
T-O distance and Al content of tetrahedra were
raised by Brown ef al. (1969) and Ribbe et al. (1974),
who pointed out a number of other factors which af-
fect individual T-O distances in framework alumino-
silicates. Because of these findings, the currently-used
feldspar structural-state indicators, such as the lat-
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tice-parameter method of Stewart and Wright (1974)
for alkali feldspars, are in need of revision when
enough new data become available. Ribbe (1975) has
since proposed a method for estimating approximate
Al contents of K-rich feldspars based on individual
bond-length differences and which, according to
Ribbe, climinates concern about whether the correct
Al content vs. T-O distance relationship is linear or
nonlinear. This problem could be eliminated entirely
if future structural-state determinations were based
on direct measurements of Al-Si site distributions.
However, such determinations have proven possible
only by neutron diffraction experiments (see Prince
et al., 1973; Brown et al., 1974), which are not fea-
sible for more than a few samples.

Our study of the structure of a low albite with both
X-ray and neutron-diffraction methods has been un-
dertaken to help elucidate the relationship between
Al-Si occupancy and T-O bond distances for this
important end-member feldspar composition. In ad-
dition, we have examined general structural features,
in particular the nature of apparent thermal motion
of the Na atom, and have compared results from our
independent X-ray and neutron structure refine-
ments.

Table 1. Composition and cell constants of Amelia low albite

s ——war——

Composition: wt.%1 2

cat./8 ox wt.?% cat./8 ox

S1'O2 69.4 3.024 68.06 2.976
A1203 19.0 0.976 20.00 1.031
Fe203 0.0 0.0 0.04 0.001
Ca0 0.02 0.001 0.15 0.007
Na20 11.5 0.969 11.49 0.974
K20 0.10 0.006 0.15 0.009

100.0 4,976 99.89 4,998
Ab 99.3 98.5
Or 6 0.7
An 1 0.8
Cell Constants:
a 8.142(2) & a 94.19(2) deg.
b 12.785{2) 116.61(2)
c 7.159(2) Y 87.68(2)
V. 664.5(9) R3
1 microprobe analysis

2 analysis of Morey and Fournier (1961)

Experimental technique

Samples

Samples of low albite from Amelia County, Vir-
ginia were obtained from the late D. R. Waldbaum
(for sample description see Waldbaum and Robie,
1971, sample no. 6306). For the neutron work a clear
glassy rhomb of cleavelandite habit with a volume of
15.4 mm® was selected from a larger piece; an alter-
nate crystal was chosen from a fragment cleaved
from the same large piece. The X-ray sample,
cleaved from the alternate neutron crystal, had a vol-
ume of 2.04 X 10> mm® with largest edge dimension
of 0.4 mm. Sample composition from wet-chemical
analysis and a microprobe analysis are listed in Table
1. Cell parameters were calculated with Burnham’s
LCLSQ IV least-squares program using X-ray powder
data collected with a powder diffractometer on mate-
rial identical to that examined in this experiment (see
Table 1).

Neutron experiment

Neutron diffraction data for a half sphere of recip-
rocal space with 0.15 < sinf/A =< 0.69 were collected
at the Brookhaven National Laboratories Hi Flux
Beam Reactor on an automated (Brookhaven Multi-
spectrometer Control System) four-circle diffrac-
tometer. The §-26 step incremental scan technique
with a BF, proportional counter was used. The reac-
tor had a thermal neutron flux of 7 X 10" neutron/
cm? sec at the end of the beam tube and a flux of
~10" neutron/cm?’ sec at the crystal (the low energy
flux relative to that used in X-ray diffraction necessi-
tates the large crystal size). A total of 1781 reflections
was measured and after correction for background
(by the method of Lehmann e al., 1972), absorption,
and dispersion (the last two both nil), averaging of
equivalent reflections, and examination of peak
shapes, 1633 reflections were selected for the initial
least-squares refinement. The initial refinement was
performed with a modified version of ORFLS on the
BNL computer system with constant scattering fac-
tors: Na, 0.362; K, 0.370; Ca, 0.466; Si, 0.415 Al
0.345; O, 0.5803; all X10~"> cm/atom. Further refine-
ments examining tetrahedral site occupancies and the
alkali site were performed on the Princeton IBM
360/91 computer system using L. W. Finger’s RFINE
and RFINE 1L

X-ray experiment

X-ray diffraction data for a half sphere of recipro-
cal space with 0.05 < sind/A =< 0.76 were collected on
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an automated Picker FACS-1 four-circle single-crystal
diffractometer with MoK« radiation (Zr filter). Data
were collected using §-28 scan with a scan speed of
1° 20 per minute, a 2° base width compensated for
dispersion; background was measured at high and
low 26 limits for a total of 20 seconds. The initial
data were corrected for background, set to a uniform
level relative to standard reflection intensities (2 mea-
sured every 20 reflections), corrected for Lorentz po-
larization and absorption, and their extinction fS’s
calculated by a modified version of C. T. Prewitt’s
ACACA that employed the Gaussian quadrature tech-
nique (4 X 4 X 4 grid) for absorption. A total of 2603
reflections were used for least-squares refinement, of
which 2441 were not rejected on the criterion of the
counting statistics standard deviation being less than
F,,.. RFINE II was used for the least-squares refine-
ments, refining on a single scale factor, isotropic ex-
tinction parameter (Zachariasen, 1967), positional
parameters, and first isotropic and then anisotropic
thermal parameters.

The neutron refinements, which preceded the X-
ray ones, yielded a weighted R factor (R,) and un-
weighted R factor (R,) of 0.076 and 0.069 for the iso-
tropic case and 0.024 and 0.021 for the anisotropic
case (standard deviation of a unit weight observation
= 1.29). We assumed fully ordered tetrahedral sites
(T, O occupied by Al, the excess in T,m); initial pa-
rameters were those of low albite from Ribbe ef al.
(1969). Positional parameters (Table 3), tetrahedral
bond lengths (Table 6), and O-T-O and T-O-T an-
gles (Table 7) were taken from the anisotropic case;
anisotropic f’s, isotropic B’s, and R.M.S. equivalent
amplitudes are listed in Tables 4 and 5. At this stage,
refinements on Al/Si occupancy of the four tetrahe-
dral sites were performed using various chemically
constrained and unconstrained models. The results
are noted in Table 2 with the weighted R factors for
each case.

The least-squares refinement of the X-ray data
yielded isotropic R factors of 0.053 R,, and 0.071 R,
and anisotropic R factors of 0.035 R, and 0.040 R,
(standard deviation of a unit weight observation =
5.36), with relativistic Dirac—Slater atomic scattering
factors calculated by Cromer and Waber (1965) for
neutral atoms and Al/Si ordering as determined in
the neutron refinements. Similar results were ob-
tained on fully ionized atoms (except oxygen—O")
with scattering factors calculated by Cromer and
Mann (1968); differences are noted in the text. The
scattering factor for the alkali site was a composition-
ally weighted average of the scattering factors for Na,

HARLOW AND BROWN: LOW ALBITE

Table 2. Results for T-site occupancy refinements including
significance levels

Model Variables Refinement Type Al in T Sites Rw
__T-_ 119 Occupancy 1 0.970 0.035 0.0 0.0 0.021367
(chemistry .019
constrained)
2 122 Occupancy 11 0.970 0.035 -0.003 -0.022 0.021342
(unconstrained) .027  .028 .028 .061
3 121 Occupancy III 0.975 0.03%9 0.021 -0.017 0.0213465
(chemistry .023 .023 .023
constrained)
4% 120 Occupancy 1V 0.973 0.00%3 0.0 0.0 0.021389
(chemistry 203! .04
constrained)
5 118 Constrained I 1.00 0.05 0.0 0.0 0.021384
{fully
ordered)
& 118 Constrained II 0.95 0.10 0.0 0.0 0.021373
(95% Al in T.,)
10
7 118 Constrained III 0.90 0.15 0.0 0.0 0.021467
(90% Al in T,,)
10
B 118 Constrained IV 0.80 0.25 0.0 0.0 0.021928
(80% A1 in T.,)
10
R Factor Significance Tests
Ri i R _ [_Jl. F " ]]g
123 = Rwi/ij N=mse = Lgmn - T on-mye
R5.1 = 1.000810 H1,15U4,0.005 = 1.00271
Re,1 = 1.000287 R1,1504,0.010 = 1.0022
R7,1 = 1.004393 R1,1504,0.10 = 1.00088
Rg,1 = 1.026279 R1,1504,0.25 = 1.00048
R1,3 = 1.00095 R1,1504,0.50 = 1.00016
R2.1501,O.75 = 1.00095

* Not totally converged

Ca, and K. Positional parameters (Table 3), tetrahe-
dral bond lengths (Table 6), and temperature factors
(Tables 4 and 5) are listed with the values from the
neutron refinements. An attempt to refine Al/Si oc-
cupancies of the tetrahedral sites resulted in unrealis-
tic total site occupancies for neutral atoms and realis-
tic occupancies but excessively large errors for
ionized atoms. Consequently only T occupancies as
determined by the neutron refinements are listed for
the X-ray refinement results.

Two models employing split isotropic Na sites
were refined for each data set; one uses two half
atoms and the other uses two partial atoms, with
one’s occupancy refined and the other’s occupancy
constrained so that the total occupancy of both sites
is equal to 1.0. The results are listed in Tables 3
and 8.

Results and discussion

General comparison of neutron and X-ray refinements

The two independently-derived sets of structural
parameters (positions and apparent thermal motions)
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Table 3. Atomic positional coordinates

Site Occupancy Spec. S e z

T10 neutron 0.030{20} Si 0.00901(10) 0.16862(6) 0.20806(11)
X-ray 0.030 Si 0.00878(11) 0.16864(6) 0.20805(13)
T1m neutron 0.965 Si 0.00386(8) 0.82062(5) 0.23728(9)
X-ray 0.965 Si 0.0N382{10 0.82064(5) 0.23734(11)
TZO neutron 1.0 Si 0.69209(8)  0.11026{5) 0.31508(9)
X-ray 1.0 Si 0.69210(10) 0.11040(5) 0.31507(12)
sz neutron 1.0 Si 0.68152(8)  0.83195(5) 0.36078(9)
X=Tay L Si o 0.68175(10) 0.88185(5) 0.36071(12)
Na neutron 0.986 Na  0.26849(13) 0.98870(10) 0.14672(18)
x-ray 0.26839(18) 0.98867(12) 0.14628(24)
Na1 neutron 0.526(17) "Na" 0.270Y8(28) 0.97765(36) 0.16218(55)
X-ray 0,533(26) "Na" 0.27033(45) 0.97800{57) 0.16219(92)
Na2 neutron 0.474 "Na"  0.26561(32) 0.00168(41) 0.12859(62)
X-ray 0.467 "Na"  0.26617(45) 0.00103(64) 0.12793(101)
04 meutron 1.0 0 0.00890(7) 0.12115(4) 0.96638(7)
x-ray 1.0 0 0.00481{27) 0.12120(14) 0.96610(30)
OAZ neutron 1.0 0 0.59229(6) 9.99755(4) 0.28053(7)
X-ray 1.0 0 0.59166(24) 0.99766{14) 0.27967(30)
050 neutron 1.0 0 0.81231(7) 0.11013(4) 0.19056(8)
X-ray 1.0 0 0.81285(26) 0.11039(15) 9.19124(32)
OBm neutron 1.0 9 0.82027(7)  0.85114(4) 0.25876(9)
X=ray 1.0 0 0,82061(27) 0.85121(15) 0.25942(34)
OCO neutron <0 0 0.01342(6)  0.30252(4) 0.27026(8)
X-ray 1.0 0 0.01348(25) 0.30276(14) 0.27023(31)
Ocm neutron 1.0 0 0.02398(7) 0.69389(4) 0.22991(8)
X-ray 1.0 0 0.02402(26) 0.69390(14) 0.22938(32)
ODO neutron 1.0 0 0.20770(7) 0.10901(4) 0.38910(7)
X-ray 10 ] 0.20765(26) 0.10922(15) 0.38898(30)
UDm neutron 1.0 0 0.18364(7)  0.86819(4) 0.43609(8)
Xx-ray 1.0 0 0.18316(27) 0.86825(15) 0.43555(31)

Estimated standard errcors in parentheses refer to the last digits.

have been compared for consistency of error by the
method of half-normal probability plot analysis
(Abrahams and Keve, 1971). Figure 1 shows two
plots of ranked observed-parameter deviates A; vs.
ranked normal deviates X for all parameters and po-
sitional parameters only, as determined from equa-
tions and tables in Section 4.3 of Volume IV of Inter-
national Tables for X-ray Crystallography (1974). The
treatment and results are similar to those of Higgins
and Ribbe (1979) for sapphirine. A scatter of points
about a line of unit slope would indicate a correct es-
timate of error with no obvious contributions due to
systematic error. The observed scatter approaching a
line with a slope of two for all parameters suggests
that there is little distinguishable systematic error but
an underestimation of pooled standard deviations by
a factor of about two. In the positional parameters
alone there is more scatter, which either is in-
significant and only a function of the small number
of points (39), or is an indication of compounded real
and systematic errors of roughly the same magnitude
(Abrahams and Keve, 1971). The slope of the trend

for positional parameters is about 1.2, which suggests
a realistic estimation of standard deviations. Hence,
as might be expected, the estimation of error is more
subject to bias and misevaluation for the anisotropic
temperature factors than for positional parameters
alone.

For the most part the refinements of the two data
sets are identical within 1 or 2 standard errors of all
parameters for the X-ray results. As indicated above,
the largest variations occur for the thermal parame-
ters. The neutron data, compared to the X-ray data,
yield larger values of equivalent isotropic temper-
ature factor (B) and anisotropic factor Bs; for T and
Na sites and yield smaller root-mean-squared
(R.M.S.) displacements for oxygen sites. This is
likely due in large part to the difference in relative
scattering powers of Si, Al, Na, and O between X-ray
and neutron diffraction. While it is tempting to use
differences in the nature of the diffraction interaction
between neutrons and X-rays to examine the asym-
metry of bonding-electron distributions relative to
nuclei, the variations in positional parameters and
bond lengths and the evaluation of pooled errors sug-
gest there are no measurable asymmetries.

Table 4. Thermal parameters

Equivalent

Site

R.M.S. Amplitudes in
o B _ Axis 1 Axis 2 Axis 3
T]O neutron 0.599(11) 0.0759(20) 0.0851(18) 0.0988(17)
X-ray 0.436(12) 0,0728(25) 0.0747(23) 0.0972(19)
T]m neutron 0,512(9) 0.0711(17) 0.0803(15) 0.0891(15)
X=-ray 0.436(12) 0.0759(24) 0.0659(25) 0.0892(18)
TZO neutron 0.532(9) 0.0768(15) 0.0792(15) 0.0898(15)
X-ray 0.464(12) 0.0615(24) 0.0772(21) 0.0889{19)
[Zm neutron 0.532(9) 0.0768(15) 0.0792(16) 0.0898(15)
X-ray 0.462(12) 0.0623(24) 0.0808(21) 0.0845(20)
Na neutron 2.663(20) 0.1221(16) 0.1311(15) 0.2628(15)
X-ray 2.529(29) 0.1169(28) 0,1306(25) 0.2557(2?2)
OA] neutron 0.946(7) 0.0739(13) 0.1149(9) 0.1314(8)
X-ray 0.917(30) 7.0733(58) 0,0987(43) 0.1404(35)
0A2 neutron 0.720(7) 0.0775(12) 0.0915(10) 0.113%(9)
X=ray 0.754(28) 0.0748(52) 0.0936(44) 0.1196(39)
OBO neutron 1.040(8) 0.0791(13) 0.1162(9) 0.1405(8)
X-ray 1.030(31) 0.0930(48) 0.1086(44) 0.1367(37)
OBm neutron 1.319(8) 0.0787(13) 0.1410(9) 0.1551(8)
X-ray 1.258(33) 0.0862(51) 0.1323(38) 0.1512(37)
OCO neutron 0.918(38) 0.0805(12) 0.1102{10) 0.1276(9)
X-ray 0.945(31) 0.0800(50} 0,1165(41) 0.1262(40)
Ocm neutron 0.935(8) 0.0823(12) 0.1087(10) 0.1302(9)
X-ray 0.981(31) 0.0776(52) 0.1083(42) 0.1397(37)
ODU neutron 1.020(8) 0.0868(12) 0.1180(9) 0.1316(9)
Xx-ray 1.051(31) 0,0824(54) 0.1091(42) 0.1458(36)
OEm neutron 1.153(8) 0.0868(12) 0.1180(9) 0.1316(9)
x-ray 1.190(33) 0.0842(53) 0.1152(41) 0.1517(36)

Estimated standard errors in parentheses refer to the last digits.
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Refinement of Al/Si order

As there is a uniform 18.5% difference in the scat-
tering power of Al and Si in neutron diffraction
(compared with an average 9% for X-rays) a mean-
ingful refinement of the occupancy of the four T sites
in low albite was possible. Many models involving ei-
ther unconstrained or constrained occupancy of the
T sites were refined (see Table 2). Those models in-
volving variation of T,0 and T,m occupancies led to
results requiring Si occupancies either in excess of or
insignificantly different from 1.0, as in model 2. Con-
sequently final tetrahedral occupancy refinements in-
volved variation in the T, sites only. However, it is
encouraging to note that cases like model 2 are essen-
tially identical to model 1 when errors are consid-
ered.

The R-factor ratio test of Hamilton (1965) was
used to examine the constrained and unconstrained
models of T,0 and T,m occupancy; the results are
shown in Table 2. The unconstrained case (model 1)
is shown to be superior at better than the 75% signifi-
cance level for all but model 6, which is within the
standard error of the refined occupancy. In Figure 2,
a diagrammatic curve has been drawn with the stan-
dard error in occupancy and the R-test significance
levels marked along the ordinate and the Al content
of the T,O site along the abscissa, to show the nature
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Table 6. T-O and tetrahedral O—-O bond distances

of the data refinements upon tetrahedral occu-
Table 5. Root-Mean-Square amplitudes of apparent thermal
vibration
8 X 10°
Site B By Bag B33 Biz B13 B23
*
T,0 n 0.597(36) 326(12) 98(4) 314(15) -29(5) 163(11) 10(6)
x 0.555(19) 333(14)  70(4) 263(17) -20(6) 128(13)  2(7)
Tymon o 0.601(31) 266(9)  87(3) 278(12)  15(4) 147(9)  14(5)
X 0.450(17) 277(12) 56(4) 219(15)  21(5) (14(11) 13(6)
T,0 n 0.607(31) 259(10) 73(3) 381{13) -12(4) 143(3)  19(5)
x 0.473(17) 246(12) 46(4) 306(15)  -2(5)  90(11)  0(6)
Tom o 0.636(31) 228(S)  79(3) 380(13) 5(4) 138(9)  25(5)
x 0.464(17) 250(12) 49(4) 318(16)  11(5) 116(11) 15(6)
Ma n 2.510(59) 580(15) 591(8) 1548(25) -100(9) 400(15) -515(1)
x 1.972(40) 620(24) 524{11) 1468(40) -80(12) 356(25) -516(1)
Nap n 1.356(64)
x 1.374(81)
lag n 1.413(71)
x 1.285(94)
Oq N 0.979(27) 641(8)  159(3)  368(10) -11(4) 304(7)  37(4)
x 0.974(4)  716(36) 121(31) 333(42)  27(15) 296(33) 23({17)
04 0 0.758(25) 311(7)  78(2) 581(10)  -5(3) 165(7)  43(4)
7°x 0.763(4)  336(30)  69(9) 585(44)  -4(13) 127(31) 28(16)
050 n 1.098(27) 461(8) 174(3) 805(11) -92(4) 419(8) -29(4)
x 1.083(5) 518(34) 146{11) 788(49) -67(15) 406(35) -31(1)
Ogn n 1.330(28) 542(8) 233(3) 1076(12)  89(4) 582(8)  40(5)
x 1.267(5) 593(36) 174(11) 1051(55)  97(16) 531(38) 28(20)
020 n 0.971(27) 4pA(8)  98{2) 734(11) -57{3) 237(8) -zo(4)
x 0.984(4) 523(34) 82{10) &61(47) -25(15) 217(38) -27(17)
Ocm n 0.995(26) 421(8}  92(2) 701(10]  39(3) 167(7)  33(4)
x 0.970(4) 485(33) 82(10) 672(47)  48{14) 128(3%) 14(17)
050 n 1.040(27) 476(8)  175(3) 409(10) 39E¢3 a4(7)  4a(4})
x 1.072(5) 564{35) 145(11) 403(45)  e6(15) &5(33) 47(18)
0gn n 1.177(27) 542(8) 15053} 431(10)  -55(4)  12{7) -~15{4)
x 1.213(5)  634{36) 152{11) 436{46] -20(16) -2(34) -26(18)
Estimated standard errors in parentheses refer to the last digits.

* n - neutron; x -

X-ray

T]O- 0 neutron x-ray T]m- 0 neutron x-ray

0A1 1.7472(9) 1.749(2) OA] 1.5955(8) 1.594(2)

OBO 1.7446(10) 1.739(2) OBm 1.6000(9) 1.599(2)

OCO 1.7348(9) 1.737(2) OCm 1.6214(8) 1.621(2)

ODO 1.7448(10) 1.744(2) ODm 1.6179(8) 1.614(2)
Average 1.7429 1.742 Average  1.6087 1.607
TZO- 0 neutron X-ray sz- 0 neutron X-ray

OAZ 1.6322(8) 1.633(2) OAZ 1,6448(8) 1,650(2)

OBO 1.5918(8) 1.592(2) OBrn 1.6205(8) 1.617(2)

OC'" 1.6171(8) 1.617(2) OCQ 1.5957(8) 1.594(2)

ODm 1.6152(8) 1.619(2) ODO 1.6015(8) 1.603(2)
Average 1.6141 1.615 Average 1.6156 1.616
T]O neutron X-ray T1m neutron X-ray

OA]' OBU 2.7310(9) 2.732(3) OAl' OBm 2.6010(9) 2.610(3)

- OCO 2.9528(10) 2.955(3) - Ocm 2.6747(8) 2.671(3)

- ODO 2.7525(8) 2.753(3) - ODm 2.5883(8) 2.583(3)

OBO- OCO 2.881(8) 2.886(3) OBm- OCm 2.6100(8) 2.612(3)

- ODU 2.8783(10) 2.874(3) - ODm 2.6570(10) 2.651(3)

0,0- ODG 2.8518(8) 2.852(3) OCm' ODm 2.6210(8) 2.620(3)
Average  2.8424 2.842 Average 2.6253 2.625
TZO neutron X-ray T2m neutron X-ray

OAZ' OBO 2.6595(9) 2.662(3) OAZ' OBm 2.6258(8) 2.631(3)

- Ocm 2.5653(7) 2.563(3) - OCQ 2.5875(7) 2.585(2)

- ODm 2.6115(8) 2.618(3) - ODO 2.6349(8) 2.543(3)

OBQ- Ocm 2.6612(9) 2.660(3) OBm- DCQ 2.6367(10) 2.636(3)

- ODm 2.6524(8) 2.652(3) - ODG 2.6428(8) 2.640(3)

Ocm- ODm 2.6533(9) 2.659(3) OCO- ODO 2.6884(9) 2.687(3)
Average  2.6339 2.636 Average 2.6365 2.637

standard errors in parentheses refer to the last digits.

Estimated

pancies. The results indicate that there is not much
difference between completely-ordered low albite
and the partially-disordered one achieved by refine-
ment with chemical constraints, but that in any case
there is a high degree of ordering.

T-0 bond distances and Al/Si ordering

With the completion of these refinements, four
more points are available for determination and re-
finement of the relationship between tetrahedral
bond distance and Al/Si occupancy in the alkali
feldspars. With values determined in other neutron
diffraction experiments for a Himalaya orthoclase
(Prince et al., 1973) and a low sanidine (Brown et al.,
1974) (see Table 8), least-squares refinements of the
data to fit polynomial curves of the form

Al/(Al + Si) = ' (T-O)’

i=0
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Table 7. O-T-O and T-O-T angles

0 -Tlf)—O neutron x-ray 0 -T]m—O neutron X-ray
OAI' OBO 102.91(5) 103.1(1) Om— -O 109.50(5) 109.6(1)
C0 115.99(5)  115.9(1) OC 12.50(5) 112.3{(1)
ODO 104.04(5) 104.0(1) OD 108.23(5) 108.4(1)
OBO- Oco 112.21(5)  112.3(1) OBm- -Ocm 108.23(5) 108.4(1)
OD 11.16(5)  111.2(1) —ODm 111.31(5)  111.2(1)
OCO- OD 110.08{5) 110.0(1} Ocm- -ODm 108.02(5) 108.2(1)
Average 109.40 109.4 Average 109.48 109.5
0 -T20-0 neutron X-ray 0 -T2m-0 reutron X-ray
0/-\2' -OBQ 111.15(5)  111.3(1) OAZ' OBm 107.21(4)  107.3(1)
-Ocm 104.23(4) 104.1(1) OCO 105.96(4)  105.7(1)
-ODm 107.06(4) 107.2(1) DO 108.51(4) 108.7(1)
Cﬁﬂ— -Ocm 112.06(5) 112.0(T) OBm- OCO 160.14(5) 110.3(1}
-ODm 111.60(5) 111.4(1) ODO 110.22(5) 110.2(1)
Ocm- -ODm 110.34(5) 110.6(1) Ocﬂ— ODO 114.46(5)  114.4(1)

Average 109.42 109.4

Average 109.42 109.4
neutron  x-ray
T1O OAl 1m 141.45(5) 141.5(1)

m=0,,-T,0 130.08(4) 129.7(1)
Tom=0p2"Tp

T]O—OBO-TZO 139.66(5) 129.8(1)

T]mOme 161.20(5) 161.5(2)

B
T.|0 OCO Tm 129.88(5) 129.8{1}
C

T.lm 0 m‘TZO 135.85(5) 135.8(1)

T1O-ODO-T2m 133.95(5) 133.9(1)

Tlm-ODm-TZO 151.84(5) 151.8(2)

Average 140.49

Estimated standard errors in parentheses refer to the last digits.

were performed, where Al/(Al + Si) is the fraction of
Al in a site and (T-O) is the average inter-atomic
distance between the T site and its surrounding four
oxygens. Though there was little difference between
the fully-ordered and partially-disordered low-albite
models refined, both were used in polynomial curve
fitting. Results are shown in Table 9 and Figure 3.
To test for the best fit, three criteria were used.
First, is the fit physically realistic? Fits with signifi-
cant negative curvatures or fits that require excess Al
or Si beyond known limits were considered unrealis-
tic and, hence, were discarded. Second, the standard
error of any of the polynomial coefficients must be
less than that coefficient itself. Third, a variance ratio
test (Hamilton, 1964) was used to discriminate
among polynomials of successive degrees. Con-
sequently, polynomials of degree three are preferred,
but the curve for the constrained model is more real-
istic as it does reach full Al occupancy [Al/(Al + Si)

= 1.0]. The results show that there can be a large dis-
crepancy in predicted bond lengths between linear
and non-linear models; there is a difference of
0.016A at Al/(Al + Si) = 0.9. The net effect is an in-
crease in the apparent amount of Al in a T site with
(T-O) lengths between 1.65 and 1.74A for the non-
linear model. However, these curves should not be
considered determinative and, hence, have not been
plotted. (T-O) and refined occupancy data for alkali
feldspars with a structural state between that of or-
thoclase and low albite are needed before determina-
tive plots may be usable. Even then, other factors
(Ribbe et al., 1974) must be considered. Presently,
the indication is that such plots may not be linear.
One important point that has been overlooked is
the effect of disorder on T-O distances. Examination
of the refinements of a number of feldspar structures
shows that disordered feldspars generally have
shorter grand-mean-average T-O bond lengths than
do ordered ones. In Table 9 the grand-mean-average
of T-O bond lengths for ordered alkali feldspar
structures are 0.001 to 0.003A longer than for the dis-
ordered ones. A comparison has also been made for
the (T—O) values calculated from the Ribbe-Gibbs
linear model and our 3rd-degree polynomial model;
the differences in average bond lengths are less for
the polynomial model but are still significant. The
displacement of the individual Al and Si atoms from

Table 8. Polynomial regressions for neutron-determined feldspar
occupancy data. Equations for the polynomial and the variance
ratio test (Vg) are listed

n :
AT/(AT4S1) = ¢ a].<T—0>1
i=0
A Partially Disordered (T 0=0.970A1; T m=0,035)
1st Order 2nd Order 3rd Order 4th Order

257089.983:5. 2x10*
-616138.02141_8x10°
553563,260+1. 6x10°

4115.563+8.0x10°
-7432.206+2. 6x10°
4467.47129.4 10°

ag  12.176+0.063
a 7.559+0.023

-45.493+130.0
47.393+186.0

ay - -11.895+ 16.6
ay = = -893.744+3.7x1 04 -220974.67846.1 x105
o - = 33069.047 1.3x10%
r‘:% 0.01197 0.00889 0.00379 0.00194
VR - 2.043 6.714 3.828
B Fully Ordered (T 0=1.0A1; T m=0.05}

1st Order 2nd Order 3rd Order

ag -12.619:0.203 -43.698+ 8.60
ay 7.828:0.124  44.986+10.30

3203.074+ 625.0
-5791.239+1120.0

a, - -11.095+ 3.07  3484.116+ 670.0
ay - 697.382+ 134.0
&? 0.00786 0.00517 0.00192

v 3 3.127 8.486

=8 (n-1)- 2 (n)
= (M) ——
%5(n)
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the averaged T sites yields an underestimate of the
T-O distances relative to a simple average of the in-
dividual Si-O and Al-O bond lengths. The effect is
much the same for evaluating the effect of thermal
motion on bond lengths. Consequently, since dis-
order displacements are included in the thermal pa-
rameter, (T—O) values should be corrected for some
model of thermal motion, probably something be-
tween riding motion and noncorrelated motion (see
Ohashi and Finger, 1974; Harlow, 1977). It would be
better to use some common correction scheme for
thermal (and disordering) effects in calculating a re-
gression against Al/(Al + Si), but this is not possible
for lack of such information on the other neutron re-
finements. However, it is likely that the points for
disordered feldspars would be increased to higher
(T-O) values relative to those of low albite in Fig-
ure 3.

Na site—anisotropy vs. splitting

The Na site in both low and high albite displays a
large apparent thermal motion anisotropy (e.g. Fer-
guson et al., 1958; Williams and Megaw, 1964; Ribbe
et al., 1969; Quareni and Taylor, 1971). Ribbe et al.
(1969) examined a model with two split isotropic
atoms to approximate the anisotropy, in order to see

-y

[+

X

20

(]

[Be]

Xi

EX)

Fig. 1. Half-normal probability plots comparing positional and
thermal (left) and only positional (right) parameters between the
X-ray and neutron refinements of low albite.

1010

1.005

— —50%

- I
k 2 %S E i

o

o

o
]

1.0 .9.5 .90 .85
Alin T,0 Site

Fig. 2. Plot of Ry;, the R-factor ratio between the fixed T-site
occupancy and refined occupancy models, and the amount of Al
in the T,O site. The significance levels and the standard error in
refined T,0 occupancy are shown with dashed lines.

whether there might really be two loci for Na in the
structure. Based on detailed calculations by Megaw
in their paper, they could not distinguish between the
time-average and the space-average models for their
data, because there was inadequate separation be-
tween the split atoms. We have used a similar ap-
proach for our data, as earlier described. These re-
sults are listed in Table 10 along with the significance
calculations for comparison of the various models.
Among the space-average models, the refined-oc-
cupancy model is preferred statistically for both neu-
tron and X-ray data, though there are not large dif-
ferences between the models. A direct comparison of
R factors can be made between the anisotropic (time-
average) model and the refined-occupancy split-atom
(space-average) model, as they have the same num-
ber of refineable parameters. For both the neutron
and X-ray data, the anisotropic model yields a
smaller weighted R factor and hence appears to be a
better model. In comparison with the Na-site mod-
elling for low albite of Ribbe et al. (1969), the ani-
sotropic models are very similar within the limits of
error, though errors here are lower. Differences for
the split-site modelling are greater, though not much
more than 1 or 2 standard errors; in particular the
Na-O distances are very similar though the Na,—Na,
splitting distances here are larger, 0.39 vs. 0.36A for
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Table 9. Comparison of T-O bond distances between ordered and disordered alkali feldspars

and differences (ax10%) in R

Total Al per or Observed and Calculated T-0
Formula Unit Content <W>8 <T:U>Cl 8 <W>C2 Ap
Ordered
Low Microcline 1.00 99. 1.6442  1.6430 12 1.6443 -1 Brown and Bailey (1964)
Low Microcline 1.00 100. 1.644 1.6430 10 1.6443 - 3 Finney and Bailey (1964)
Low Albite (X-ray) 1.001 0.6 1.6451  1.6430 21 1.6443 8 This study
Low Albite 1.00 0. 1.0444 1.6430 14 1.6443 | Wainwright and Starkey (1968)
Microcline {CATE) 1.015 88.6 1.6454  1.6436 18 1.6446 8 Dal Negro et al. (1978)
Microcline (RC20C) 1.012 88.5 1.6443  1.6434 9 1.6445 - 2 Dal Negro et al. (1978)
Av. 1.6446 Av. T Av. 2
Partially Disordered
Orthoclase (neutron) 0.99 90. 1.6419  1.6430 -11 1.6443 -23  Prince et al. (1973)
Orthoclase 1.012 90. 1.6419  1.6434 -15 1.6446 -27  Colville and Ribbe (1968)
Adularia 1.00 88.1 1.6433  1.6430 3 1.6443 -10  Phillips and Ribbe (1973)
Adularia 1.001 88. 1.6427 1.6430 -3 1.6443 -16  Harlow (unpublished)
Low Sanidine 1.00 85. 1.6431  1.6430 1 1.6443 -12  Phillips and Ribbe (1973)
Low Sanidine 1.00 85. 1.6408 1.6430 -22 1.6443 -35 Ohashi and Finger (1974)
Microcline (PiC) 1.012 90.0 1.6425 1.6434 -9 1.6445 -20  Dal Negro et al. (1978)
Microcline (CA1B) 1.015 88.6 1.6438  1.6436 | 1.6446 - #  Dal Negro et al. (1978)
Microcline (A1D) 1.011 90.4 1.6423  1.6434 -1 1.6445 -22  Dal Negro et al. (1978)
Microcline P17C) 1.001 87.1 1.6419  1.6430 -1 1.6443 -24  Dal Negro et al. (1978)
Microcline (CA1A) 1.015 88.6 1.6441 1.6436 5 1.6446 - 5 Dal Negro et al. E'IQ?B)
Microcline (P2A) 1.014 93.1 1.6443  1.6435 8 1.6446 -3 Dal Negro et al. (1978)
Microcline 1.014 84.6 1.6428 1.6435 -7 1.6446 -18  Bailey (1989)
Sanidine 1.018 87. 1.6438 1.6437 1 1.6447 -9 Weitz (1972)
Av. 1.6428 Av. - 5 Av. -1
Disordered
Sanidine (P2B) 1.014 93.1 1.6443  1.6435 8 1.6446 - 3 Dal Negro et al. (1978)
Heated Sanidine 1.018 87. 1.6428  1.6437 -9 1.6447 -19  Weitz %19725
High Sanidine
(heated orthoclase) 1.025 92. 1.6421  1.6439 -18 1.6449 -28  Ribbe (1963)
High Albite 1.007 1.6 1.6434  1.64333 1 1.6444 -10  Ribbe et al. (1969)
High Albite 1.00 0. 1.6434  1.6430 4 1.6443 - 9  Wainwright (see Smith, 1974)
Anorthoclase 1.008 32.5 1.6418 1.6433 -15 1.6445 -17  Harlow (in prep.)
Anorthoclase 1.069 22.3 1.6437  1.6456 -19 1.6460 -23  Harlow (in prep.}
Anorthoclase 1.025 13.8 1.6434  1.6439 -5 1.6449 -15  Harlow {in prep.)
Av. 1.6431 Av. - 7 Av. -17
*
0 Observed grand mean average .
C1 Calculated from total Al using <T-0> = A1/(4x6.58)+1.605 {Ribbe and Gibbs, 1969)

C2

Calculated using 3rd order polynomial (fully ordered

albite)

1.0

0.8

Al
Al+Si

00
1.60

.

2

Ist order

s

-

~ Ribbe - Gibbs (1969)

1.62 1. 1.66

1.68

1.70

(T-0) in R

Fig. 3. Plot of average tetrahedral bond lengths for individual tetrahedra vs. occupancy, Al/(Al+8i), of the site as determined by direct
refinement of neutron diffraction data. Points include low albite (constrained, full occupancy of T,0), Himalaya orthoclase (Prince et al.,
1973), and sanidine (Brown et al., 1974). A linear model for the data is shown.
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Table 10. Results for anisotropic and split-site modelling of Na
site including Na—O bond distances

" Direction of Splittiing®

L ._ Uccupancy Splitting

Mode1 Ry Na (1) to a to b to ¢

|t neutron 0.02138 101.0{8) 145.4(5) b51.9(5)
x-ray 0.03541 103.5(13) 142.9(5) 49.1(5)

2 neutron 0.02237 0.5 0.392(3) 101.1 145.3 I
X-ray 0.03599 0.5 0.387(4) 102.9 143.3 49.6

3 neutron [0.02235 0.526(17) 0.393(3) 101.2 145.3 87
Keray 0.533(26] 0.393 101 145.3 49.5 -
T-Anisot 2-5p1it half at |:1 it 8% H- Fefine oCcupancy

*for the anisotropic case this refers to the direction of the major
axis of the anisotropic ellipsoid

Significance Level
(90%) (75%)

= Ro/Rus F1on,0010 F1n,0.28
neutron (n=1515) 1.00083  1.00087 1.00048
Xx-ray (n=2322) 1.0004 1.0057 1.00031
Na - 0 Bond Distances (R)
Na(0000) Nal Na2
neutron  x-ray neutron  k-ray  neutron  x-ray

OA](OOOOJ 2.671(1) 2.671(2) 2.801(2) 2.797(4) 2.527{2) 2.535(4)
0,,(000C)  2.537(1) 2.537(2) 2.458(2) 2.456(4) 2.644(2) 2.643(4)
04,(0000)  2.372(1) 2.369(2) 2.380(2) 2.381(4) 2.381(2) 2.372(4)
OAZ(UUOC) 3.724(1) 3.719(3) 3.837(3) 3.837(5) 3.600(3) 3.590(5)
AZ(OOOC) 3.725(1) 3.733(3) 3.623(3) 3.627(5) 3.853(3) 3.863(5)
OB(OOOC) 2.461(1) 2.464(2) 2.492(2) 2.499(4) 2.442(2) 2.438(4)
04(M00C)  3.465(2) 3.466(3) 3.640(3) 3.641(5) 3.261(3) 3.265(5)
OC(Ozio) 2.961(L) 2.959(2) 2.835(2) 2.839(4) 3.116(2) 3.106(4)
Oc(mZTU) 3.266(1) 3.267(2) 3.390(3) 3.390(5) 3.127(3) 3.131(4)
OD(OOOO) 2.437(1) 2.440(2) 2.451(2) 2.447(4) 2.438(2) 2.449(4}
OD(NOOO) 2.996(2) 2.997(3) 2.835(3) 2.834(4) 3.188(3) 3.188(5)

Estimated errors in parentheses refer to last digits

the Ribbe ef al. model. With Megaw’s theoretical ap-
proach to distinguish the models, for our data the
lower limit for splitting is 0.36A for the neutron data
and 0.33A for the X-ray data; these limits are slightly
smaller than those for the refined splittings. These re-
sults tend to support the time-average position
model, though not with any great certainty. Using
data collected at 300° and 600°C, Quareni and Tay-
lor (1971) concluded that anisotropic thermal motion
was the correct solution for Na in low albite. More
recently Winter et al. (1977) examined the Na ani-
sotropy of a Tiburon, California low albite at various
elevated temperatures; they found that their mea-
sured apparent-thermal-motion magnitudes extrapo-
late to zero at OK, which indicates that real thermal
motion is the source of the large Na-site anisotropic
delocalization. Since our results agree, we conclude
that thermal motion is the most reasonable inter-
pretation for the Na-site anisotropy.
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Amphiboles on the join pargasite-ferropargasite
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Abstract

Amphiboles have been grown across the join NaCa,Mg,AlSi;Al,0,,(OH),~NaCa,Fe,
AlSicALO,,(0H), on QFM and CCH, oxygen buffers to gain insight into the Fe-Mg sub-
stitution in an amphibole without the local charge imbalance caused by Na in the M(4) site.
Oxygen fugacity was found to have no effect upon the unit-cell dimensions of amphibole.
Unit-cell parameters (C2/m) for amphibole grown across the series are [a, b, c¢(A), 8, V(AY):

Mg, 9.892(1), 17.941(2),
Mg,Fe 9.904(1), 17.989(5),
Mg,Fe, 9.915(3), 18.031(7),
MgFe, 9.930(5), 18.104(6),
Fe, 9.953(5), 18.152(3),

5.277(1), 105°33'(1),  902.23)
5.291(2), 105°27°(1),  908.6(5)
5.301(3), 105°24/(1),  913.6(1.0)
5.320(2), 105°16'(1),  922.6(9)
5.330(2), 105°16'(2),  928.8(4)

No change in cell parameters is observed with temperature on a given buffer. The essen-
tially linear trend indicates disorder of Mg and Fe in M(1), M(2), and M(3) sites. Plagioclase
and pyroxene were present in all charges. The amount ranged from a few percent to greater
than 30 percent, without affecting the unit-cell parameters of coexisting amphibole.

Introduction

Pargasites are monoclinic amphiboles having high
Ca, moderate Na, and high Al The ideal chemical
formula is NaCa,(Mg,Fe),AlSi;Al,0,,(OH),. The
structure consists of double chains of silica and alu-
mina tetrahedra linked by M(1), M(2), and M(3) oc-
tahedra and by the larger 6- to 8-coordinated M(4)
sites (Papike er al., 1969). The larger 6-12-coordi-
nated A4 site completes this strip of cations. In parga-
site the A site, 12-coordinated, is occupied by Na
whereas the two M(4) sites, 8-coordinated, are occu-
pied by Ca. The Mg, Fe, and Al'! are distributed in
the remaining five M sites.

No natural occurrences of the end members parga-
site and ferropargasite exist. Intermediate composi-
tions are common in metamorphosed impure lime-
stones, fresh and metamorphosed mafic rocks, and
less commonly in altered ultramafic rocks. Ferric
iron substitution for octahedral aluminum is com-
mon, placing most natural pargasites in the body of

! Parenthesized figures represent the estimated deviation (esd) in
terms of least units cited for the value to their immediate left, thus
9.892(1) indicates an esd of 0.001.

0003-004X/80/0910-0996$02.00

the quadrilateral bounded by the binaries pargasite—
ferropargasite and magnesiohastingsite—hastingsite.
Natural occurrences of pargasite with >0.9 AIY! lie
between Ca,NaMg,FeAlSi,Al,0,,(OH), and Ca,
NaFe;MgAlSi;Al,0,,(OH),. Amphiboles grown ex-
perimentally on the pargasite-ferropargasite pseudo-
binary should be compositionally comparable to nat-
ural analogues.

In contrast to pargasites, the richterite series
(Charles, 1974) has one Na in M(4), and the five total
M(1), M(2), and M(3) sites are occupied entirely by
Mg and Fe. The local charge imbalance caused by
Na in M(4) is not found in pargasites. Consequently,
one of the objectives of this study was to synthesize
intermediate and end-member pargasites in order to
contrast some of the physical properties of the two
series.

Experimental procedure

Five oxide mixes were prepared along the parga-
site-ferropargasite join: Mg,, Mg;Fe, Mg,Fe,, MgFe,,
and Fe,. As a shorthand notation only the Mg and Fe
will be written: NaCa,Mg,FeAlSi;,ALO,,(OH), =
Mg,Fe. Iron was added as hematite, Al as y-Al,O,,

996
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Table 1. Average refractive indices for the pargasite series

Phase R,
Pargasite(Mg4) 1.624 = .003
Mg3Fe 1.655 *+ ,003
Mnge2 1.672 £ .003
MgFe 1.694 + ,003

Ferropargasite(Fe4) 1.715 £ .005

Mg as periclase, Si as cristobalite, and Na as
Na,Si,0; prepared after the method of Schairer and
Bowen (1955). After the mixes were ground in an au-
tomortar for 2 hr, a portion of each mix was reduced
to Fe® under H,. Results were consistent regardless of
the initial state of iron; only kinetics were affected.
Oxygen fugacities were buffered with solid oxygen
buffers (Eugster, 1957) and the graphite-methane
buffer (Eugster and Skippen, 1967). The charges
were sealed with excess water in precious-metal cap-
sules and subjected to temperature and pressure in
standard cold-seal hydrothermal apparatus.

Experimental results

Microscopic examination revealed some pyroxene
and plagioclase in each charge. Amounts varied from
a few percent to about 30 percent by volume, depend-
ing upon the experimental conditions. Intermediate
compositions did not nucleate well. Amphibole in
these charges appeared as crystalline aggregates only
about 5um in diameter. Mean refractive indices of
these aggregates are tabulated in Table 1.

The unit-cell parameters were determined using a
Norelco powder X-ray diffraction goniometer. Scans
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Fig. 1. Unit-cell volume vs. composition for pargasite grown on
CCH, (solid line) and QFM (dashed line). 1.00 is ferropargasite.
Error bars = l¢ for all figures.

of 1°/min at a strip-chart recorder rate of 1 cm/min
were satisfactory to fix the peak positions of amphi-
bole to +0.01°, standardized against BaF, (a =
6.1971+£0.0002A) which has four usable reflections
between 24° and 49°. BaF,, in turn, was standardized
against diamond (a = 3.56703+0.00018A). The am-
phiboles (C2/m) were indexed and cell parameters
calculated using a program developed by Appleman
and Evans (1973). Twenty-five usable reflections for
pargasite decreased to sixteen reflections for ferro-
pargasite due to ambiguous indexing and poor crys-
tallization. Pargasite and ferropargasite grown in this
study are compared in Table 2 with that grown by
Boyd (1959) and Gilbert (1966).

Unit-cell data for the pargasites are found in Table
3. For a given bulk composition, cell parameters are
uniform with pressure and temperature. No variation
was seen with oxygen fugacity (Fig. 1). Amphibole
grown on CCH, and QFM show no difference in unit

Table 2. Unit-cell parameters of pargasite and ferropargasite

Reference a(A) b(A) c(A) A V(A3)
Pargasite
Boyd (1959) 9.906(10) 17.986(17) 5.265(8) 105°30'(8) 904.7(1.9)
This Study 9.892(1) 17.941(2) 5,277(1) 105°33'(1) 902.2(3)
Ferropargasite
Gilbert (1966) 9.95 18.14 5.33 105°18" 928
This Study 9,953(5) 18.152(3) 5.330(2) 105°16'(2) 928,8(4)
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Table 3. Unit-cell dimensions

AmphiboTe
4 T Duration Yield a b c V3 .
{bars) (°c) (h) (Percent) Buffer (A) (A) (A) Beta (A%} asing
Pargasite NaCazMg4MSi6A12022(0H)2

5000 750 527 95+ - 9.888(5)* 17.943(7) 5.280(3) 105°33'(1) 902.5(5)

2000 750 33813 95+ - 9.891(4) 17.932(6) 5.275(4) 105°30'(2) 901.5(6)

2000 750 330 80 - 9.890(3) 17.935(6) 5.277(2) 105°32'(1) 901.9(4)

2000 750 330 85 -— 9.891(8) 17.953(22) 5.280(10) 105°38'(7) 902.8(1.0)

2000 750 330 90 - 9.895(2) 17.939(5) 5.280(2) 105°34'(2) 902.8(3)

2000 750 330 60 ——- 9.887(5) 17.940(14) 5.271(86) 105°31'(4) 900.9(9)

1000 850 336 95+ - 9.893(2) 17.941(5) 5.276(1) 105°33'(1) 902.1(2)

1000 850 331 99+ --- 9.899(2) 17.946(3) 5.278(1) 105°35' (1) 903.1(2)

Average 9.892(1) 17.941(2) 5.277(1) 105°33'(1) 902.2(2) 9.530
NaCazMg3FeA1516A12022(0H)2

2000 750 127 90 HMt** 9.901(3) 17.982(7) 5.296(2) 105°28'(2) 908.9(4)

2000 750 1095 95+ QFM 9.904(3) 17.991(6) 5.290(2) 105°27'(2) 908.5(3)

2000 625 1008 80 QFM 9.911(5) 18.006(10) 5.283(8) 105°30*(5) 908.6(1.3)

2000 625 1008 80 QFM 9.907(5) 18.0011(11)  5.288(8) 105°27'(4)  909.5(1.0)

1000 850 1006 95 QFM 9.906(3) 18.002(6) 5.297(2) 105°26' (1) 910.6(4)

1000 850 332 90 QFM 9.908(2) 18.003(4) 5.300(4) 105°28'(1) 911.1(2)

2000 800 666 90 CCH4 9.898(4) 17.963(10) 5.289(3) 105°27'(3) 906.4(5)

2000 700 1015 90 CCH4 9.905(2) 17.976(5) 5.286(2) 105°31'(2) 906.9(3)

2000 750 499 90 CCH4 9.898(3) 17.979(7) 5.290(2) 105°24'(2) 907.6(4)

2000 650 120 95 IW 9.903(3) 17.979(6) 5.291(2) 105°27'(1) 908.1(3)

Average 9.904(1) 17.989(5) 5.291(2) 105°27' (1) 908.6(5) 9.546
NaCazMnge2A1Si6A12022(0H)2

5000 650 784 60 QFM 9.919(8) 18.031(20) 5.299(4) 105°26' (4) 913.5(1.0)

2000 750 2463 60 QFM 9.917(2) 18.048(4) 5.309(2) 105°19° (1) 916.5(3)

2000 750 1618 -85 QFM 9.906(4) 18.044(7) 5.307(2) 105°19'(2) 914.9(4)

1000 850 1650 50 QFM 9.907(4) 18.016(8) 5.292(5) 105°25'(5) 910.7(6)

2000 750 1015 50 CCH4 9.916(5) 18.007(10) 5,294(5) 105°32°(3) 910.7(7)

2000 700 498 85 CCH4 9.925(3) 18.039(7) 5.304(2) 105°23'(2) 915.5(4)

Average 9.915(3) 18.031(7) 5.301(3) 105°24*(2)  913.6(1.0) 9.559
NaCaZMgF63A1516A12022(0H)2

5000 650 1367 90 QFM 9.918(3) 18.088(5) 5.319(2)  105°13'(1)  920.8(3)-

2000 750 427 60 QFM 9.940(4) 18.113(9) 5.326(3) 105°18'(2) 924.9(5)

2000 625 672 95 CCH, 9.927(4) 18.106(9) 5.315(3) 105°18'(2)  921.4(5)

2000 700 1178 90 CCH4 9.934(3) 18.110(16) 5.319(2) 105°15'(2) 923.1(4)

Average 9.930(5) 18.104(6) 5.320(2) 105°16'(1)  922.6(9)  9.580

Ferropargasite NaCaZFe4A1516A12022(OH)2

2000 600 368 90 QFM 9.947(3) 18.154(7) 5.332(2) 105°15'(2) 928.8(4)

2000 700 673 95 CCH4 9.958(4) 18.149(7) 5.328(2) 105°18'(3) 928.8(4)

Average 9.953(5) 18.152(3) 5.330(2) 105°16'(2) 928.8(4) 9.602

*
Parenthesized figures represent the estimated standard deviation (esd) in terms of least units cited

for the value to their immediate left, thus 9.888(5) indicates an esd of 0.005.

ke
Buffer notation is as follows: HM
CCH4 = graphite - methane, and IW =

= hematite - magnetite, QFM = quartz - fayalite - magnetite,
iron - wustite.
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Fig. 2. (a) Unit-cell volume of pargasite Ca,NaMg,
FeAlSigAl,0,,(OH), vs. oxygen fugacity. (b) Unit-cell volume of
richterite CaNa,Mg,FeSiq0,,(OH), vs. oxygen fugacity (Charles,
1974).

cell at the 2-sigma level. The curves are fitted by least
squares to a straight line,

CCH,: V (A% = 27.49 X(ferropargasite)
+ 900.97; r* = 0.99

QFM: V (A?) = 26.58 X(ferropargasite)
+ 902.18; r* = 0.99

Most experiments were done on QFM and CCH,,
but those done on HMt and IW substantiate this ob-
servation. This is in agreement with the study by Gil-
bert (1966), which shows essentially no variation in
ferropargasite unit cell with oxygen fugacity.

Figure 2 compares the effects of oxygen fugacity
on unit-cell parameters for analogous compositions
in the pargasite and richterite series. The richterite is
from Charles (1974). Within two sigma no trend is
seen in the pargasite, whereas a dramatic decrease in
cell volume is seen in the richterite with increase in
oxygen fugacity.

Yields of amphibole down to about 60 percent of
the charge by volume had no effect on the unit-cell
parameters. Either charges with low amphibole yield
nonstoichiometric pargasite with fortuitously similar
cell dimensions to that of purer charges, or the am-
phibole is on composition. Experience with other am-
phibole systems indicates the latter case is more
probable.

Figure 3 shows all the unit-cell data for the parga-
site series. The dashed curves are similar measure-
ments for the richterite series (Charles, 1974). All
data are fitted with a linear curve by the least-squares
method (Table 4). Some of the data suggest a non-
linear fit, but not at a two-sigma confidence level.

Discussion
Pargasites are more stable than richterites,
Na,Ca(Mg,Fe);Si;0,,(OH), (Boyd, 1959; Gilbert,
1966; Charles, 1975). A number of structural obser-

Table 4. Straight-line fit to unit-cell parameters y = ax + b, 12 = degree of fit, where y = cell parameter and x = mole fraction of iron-
bearing end member

Cell Pargasite Richterite

Parameters a b r a b rz
a 0.06A 9.89A 0.97 0.10A 9.90A 0.99
b 0.21A 17.94A 0.99 0.26A 17.97A 0.99
c 0.05A 5.28A 0.99 0.04A 5.27A 0.99
B - 18' 105° 32! 0.94 - 17 104° 12.5' 0.99
v 26.8A° 901.8A° 0.99 30.78° 908.5A° 1.00

asing 0.07A 953A 0.99 0.11A 9.60A 1.00
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vations contrast the two amphibole series. The richte-
rite structure has a local charge imbalance because
one sodium must occupy an M(4) site and be coordi-
nated by six oxygens (Ghose, 1966; Whittaker, 1949,
1960). This is compensated by addition of a small
amount of ferric iron in M(2) which is nearest to
M(4) in the iron-bearing richterites. In pargasite
M(4) and A4 are occupied by Ca and Na respectively.
The interior M sites contain Al and 4(Mg,Fe).
Should some Na be present in M(4), Al in M(2)
would alleviate any charge imbalance. This observa-
tion and the closer proximity of the adjacent double
chains caused by a smaller mean cation size in the M
sites indicate why pargasite is thermally more stable
than richterite.

Figure 2 shows one effect of local charge imbal-
ance. Pargasite shows a more uniform cell volume
with respect to oxygen fugacity than does richterite.
The local charge imbalance in richterite is enhanced
at higher oxygen fugacities, presumably causing
more ferric iron to enter M(2). At the higher oxygen
fugacities of the HMt buffer, richterite unit-cell pa-
rameters deviate from those observed at lower buf-
fers toward magnesioriebeckite (Ernst, 1968), which
is known to have Fe'* occupying M(2) (Bancroft and
Burns, 1969).

The unit-cell parameters of pargasite are linear
with composition in contrast to richterite (Charles,
1974). The variation in unit-cell parameters with
composition can be interpreted in terms of amphi-
bole structure. The parameters a and asinf3 depend
upon the mean size of cations linking the double
chains of silica and alumina tetrahedra (Ernst, 1968;
Huebner and Papike, 1970; Cameron and Papike,
1979). One would expect a linear change with addi-
tion of iron. This is observed in the pargasite series.
Parameter b depends upon the occupancy of M(4)
and M(2) which actually link the chains of silica-alu-
mina tetrahedra. M(4) is occupied by Ca and Na in
all cases. If iron and magnesium are randomly dis-
tributed in M(1), M(2), and M(3), a linear increase
would result as is observed. Parameter ¢, chain
length, reflects the occupancy of the chain and the
M(1) and M(3) sites. Six Si and two Al are the tet-
rahedral cations for all pargasites. Linear increase in
chain length reflects random mixing of Fe and Mg in
M(1) and M(3). Beta mirrors changes in A site size.
In all cases A4 is occupied by Na and possibly Ca.
However, the structure around 4 becomes increas-
ingly larger due to addition of iron. The net effect is
that of placing a relatively smaller cation in A, caus-
ing B to decrease. Combining these effects for parga-
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site, one sees a linear increase in volume within the
scatter of the data.

The nonlinearities seen in richterite due to prefer-
ential filling of M(1) and M(3) with ferrous iron over
M(2) are not seen in the pargasites. A more complete
discussion of richterite unit-cell parameter is pre-
sented in Charles (1974).
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Rapid-quench hydrothermal experiments in dilute chloride solutions applied

to the muscovite-quartz-sanidine equilibrium
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Abstract

We have conducted a series of experiments in 0.01-molal chloride solutions at 200°C and 2
kbar on the muscovite~quartz-sanidine equilibrium for variable solid/fluid ratios, which in
these experiments are proportional to the surface area of the solids. The quench pH decreases
with increasing solid/fluid ratios for runs with starting solution compositions in the sanidine
field (i.e., relatively alkaline solutions), but increases with increasing solid/fluid ratios for
runs with starting solutions in the muscovite field (i.e., relatively acid). The two trends inter-
sect at a solid/fluid ratio of ~1/16, which is the ratio that yields the narrowest equilibrium
reversals; in turn these reversals agree well with the independently-calculated log K (200°C, 2
kbar).

For the same reaction in 0.01-molal chloride solutions at 205°C and 17 bar vapor pressure,
the same trend of quench pH-vs.-solid/fluid ratio is observed for the runs approaching equi-
librium from the muscovite field as for the 2 kbar runs, but no clear trend emerges from the
runs approaching equilibrium from the sanidine field. Taken together, the experiments at 2
kbar and 17 bar indicate that surface reactions cannot account for the two trends in quench
pH; if they did, the trends observed on approaching equilibrium from both sides would be the
same, which they are not. We conclude that dilute solutions are appropriate for collecting
high-temperature/high-pressure equilibrium data provided one uses the rapid-quench tech-
nique with solid/fluid mass ratios of ~1/16.

The rapid-quench, dilute chloride solution technique was also used to determine log K vs.
T for the muscovite-quartz-sanidine reaction at 2 kbar and solid/fluid ~1/16 over the inter-
val 200-500°C. The log K’s, determined via aqueous-speciation calculations for each T'and P,
coincide with the log K’s calculated independently from the thermodynamic properties of the

reactants and products.

Introduction

Experimental studies of solid-fluid equilibria have
traditionally employed concentrated (1-2 molar)
chloride solutions. Although these studies have gen-
erally been successful, the technique has several
drawbacks. First, the amount of solid that must react
in order to buffer the solution is relatively large,
which increases the time necessary to establish equi-
librium. Second, the use of concentrated chloride so-
lutions causes activities of aqueous species to depart
from the corresponding molalities and the activity of
H,O to depart from unity.' Both of these departures

! The standard state adopted here for aqueous species is one of
unit activity in a hypothetical one-molal solution referenced to in-
finite dilution at any temperature and pressure. The standard state
chosen for H,O and for minerals is one of pure liquid H,O and
pure solids, respectively, at any temperature and pressure.

0003-004X/80/0910-1002$02.00

can alter the values obtained for the equilibrium con-
stant of the reaction under investigation. The use of
dilute solutions eliminates these problems, but in-
troduces the uncertainty of interpreting quench pH
because of the possible effect of surface reactions. In
spite of the successful use of dilute chloride solutions
in autoclave experiments (Usdowski and Barnes,
1972), no systematic study has yet been carried out of
the possible distorting effects of surface reactions on
quench pH. These effects might be more important in
dilute than in concentrated solutions. We report the
results of our experiments of reaction 1, along with
an assessment of the rapid-quench pH technique in
dilute chloride solution.
The reaction studied is:

3/2K-feldspar + Hi, 2 1/2muscovite

+ 3quartz + K7, 1)
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For the standard states chosen here (see footnote 1),
the equilibrium constant is

K, =ay./ay

@

This reaction was chosen because (1) it has been
studied experimentally over a large range of temper-
ature, pressure, and salinity (Hemley, 1959; Shade,
1968, 1974; Usdowski and Barnes, 1972; Gunter,
1974; Wintsch, 1975); (2) equilibrium constants may
be calculated from the thermodynamic properties of
the reactants and products (Helgeson and Kirkham,
1976; Helgeson et al., 1978); (3) dissociation con-
stants for the aqueous complexes of interest in the fi-
nal solution are well known (Helgeson and Kirkham,
1976; Walther and Helgeson, 1977); and (4) the
quench molalities of H* and K* may be easily mea-
sured with specific-ion electrodes (Usdowski and
Barnes, 1972).

Many of our experiments have been designed to
determine if surface reactions of the type discussed
by Garrels and Howard (1959),

K-mica + H* = H-mica + K*
K-feldspar + H* = H-feldspar + K*

(€))
Q)

occur in rapid-quench experiments during the
quench. Because these are surface reactions, the
amount of hydrogen ion adsorbed will be propor-
tional to the surface area of the minerals present. In
order to vary the surface area in each experiment, the
mass of the starting solids has been varied, keeping
constant the mass of starting fluid. The particle size
of the solids was always the same. Thus, the total
mineral surface area is proportional to the mass of
solids, and also to the solid/fluid ratio. Both high
pressure and vapor pressure experiments have been
carried out at 200°C for the purpose of contrasting
the two different quenching techniques involved (see
below).

Methods

Starting materials

Only synthetic quartz, muscovite and K-feldspar
have been used in this study. They were prepared by
using oxide mixes of reagent-grade H,SiO,,
AICL - 6H,0, and K,CO,. The AICL - 6H,0 was
heated at about 900°C for several hours to produce
X-ray amorphous ALO,. Appropriate mixtures of
these materials were sealed in gold capsules with 0.05
g distilled—deionized H,O, and starting materials
were synthesized in standard cold-seal pressure ves-
sels.
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The grain size and unit-cell dimensions of the syn-
thetic starting materials are listed in Table 1 along
with the experimental conditions of synthesis. The X-
ray technique suggested by Wright and Stewart
(1968) using copper radiation (A\CuKa, = 1.5405624)
has been followed, except that U.S. Bureau of Stan-
dards silicon (@ = 5.43088A at 25°C) has been used
as an internal standard instead of CaF, and that sam-
ples have been run at slower scanning rates (1/4° 26/
min). Unit cell parameters were calculated from the
measured 20 values by the computer program of
Burnham (1962). In all cases both 1M and 2M, mus-
covite have been synthesized together, but intensity
of 1M muscovite peaks is considerably larger than
that of 2M, muscovite. The relatively large errors in
the refinements of the muscovite structures are a con-
sequence of the overlapping 1M and 2M, peaks. Syn-
thetic K-feldspar is high sanidine with slightly anom-
alous cell dimensions. Unit-cell parameters for
quartz are identical to those for a-quartz and are not
included in Table 1. Aqueous chloride solutions of
variable myc,/myc, ratios but constant chlorinity were
prepared by mixing 107 molal KCI and 10~ molal
HCI solutions. All rapid-quench experiments were
conducted in sealed gold capsules. A constant 0.30 g
of solution was used in each run, and different
amounts of muscovite + sanidine + quartz (always in
the mass ratio of 1:1:1) were weighed as required to
vary the mineral surface area.

High-pressure experiments

High-pressure experiments were carried out in
rapid-quench cold-seal pressure vessels of the type
figured by Rudert et al. (1976). The pressure and ex-
tension vessels were 30 and 25 cm long respectively.
An 8-cm filler rod was used in each run to limit con-
vection of the H,O pressure medium. Temperatures
were measured with sheathed chromel-alumel
thermocouples standardized against the melting
point of NaCl (800.5°C). Rudert ef al. report temper-
ature gradients in rapid-quench bombs which they
believe are unacceptably large. We report our mea-
sured temperature gradients in some detail because
so little is known about them and because our results
are significantly smaller than those of Rudert et al.

Temperature gradients between the thermocouple
well and the charge were determined by comparing
the temperature measured in the thermocouple well
with the melting temperature of tin (231.9°C), zinc
(419.6), and antimony (630.7). These metals were
sealed in evacuated silica tubes (5 to 6 cm long and 6
mm O.D.) of dimensions close to those of the gold
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Table 1. Conditions of synthesis, grain size, and unit-cell dimensions of synthetic starting materials

Run Crystal a b c 8 v
Mineral 7°¢ P(Kb) duration dimensions 5 3 no. unique
(days) (microns) ) ) (R) (deg) (8 observations
San 3 520 2 1 30%30x40 8.6146 13.0139 7.1699 116.195 721.26 15
+0.0060 + 0.0039  +0.0039 +0.033  + 0.93
San 8 600 2 14 30x30xk0 8.5877 13.0116 7.1711 116.101 719.548 16
+0.0033 + 0.0029 +0.0022  + 0.018 + 0.L85
Musc 12 600 2 20 1x10x10  5.2036  8.9822  10.2heT To1.710  L68.78 13
(1) +0.0072 + 0.0029 #0.0053  + 0.064  + 0.7T3
Musc 12 600 2 20 1x10x10 5.1787 8.9840  20.1651 95.865 933.272 16
{2M;) . #0,0027 + 0.0019 +0.0056  + 0.059  + 0.66
Musc 1k 570 2 12 1x10x10 5.198L 8.9769  10.250k4 101.655 L68. 47 1k
(1) + .0089 + 0.0039 +0.0073  + 0.085 + 0.97
Musc 14 570 2 12 1x10x10 5.1832 8.9828  20.1779 95.620 934,961 12
(2M7) +0.0039 + 0.0033 4 .0105  #+ 0.094  + 0.96

capsules used. The amount of metal melted as a
function of distance from the hot end could readily
be measured by viewing the metal through the glass.
Temperature gradients so measured are shown in
Figure 1. They are smaller than those reported by
Rudert er al., particularly at higher temperatures.
The errors of precision, thermal gradient, and fur-
nace temperature fluctuation combine to give an esti-
mated temperature uncertainty of between 5 and
10°C. Pressures were monitored on a Heise 7kbar
temperature-compensated pressure gauge. Because
all bombs were isolated from line pressure during

I T T T T T
Rudert et al. (1976)

08+ -
€ 2 KB
2 1 portial melt
S 06+ § complete melt 3 -
&

€
@
£ ;
o L
u 04 2 4
n

5 st
< Sn
a ¥

o2k 3 .

I'\
L L 1 1 1 1
100 200 300 400 500 600

Temperature °C

Fig. L. The change in temperature gradient with temperature as
determined by comparing the melting temperature of tin, zinc, and
antimony (sealed in evacuated silica glass tubes) with the
measured temperature in the thermocouple well. The data of
Rudert et al. (1976) have been included for comparison. The
temperature reported for each run is equal to the temperature
given by the thermocouple minus a quantity which equals the
temperature gradient (as given by this curve) multiplied by the
distance between the thermocouple well and the gold reaction
tube.

most of the run time, temperature fluctuations led to
pressure fluctuations. The maximum pressure error
this causes is £50 bar.

Vapor pressure experiments

In these experiments the sealed gold capsules were
placed in a drying oven, and the temperature mon-
itored with a thermocouple placed adjacent to the
capsules on the same shelf in the oven. Pressure was
the vapor pressure of the aqueous solution at the
temperature of the experiment. Rapid quench was
achieved by immersing the capsule in an ice bath.

Activity measurements

Both pH and pK of the final, quenched aqueous
solutions were measured with specific-ion electrodes.
A Beckman flat bulb combination pH electrode
#39507 was used with a lithium trichloroacetate in-
ternal filling solution to prevent KCl contamination.
The uncertainty in pH measurement is +0.05.
Orion’s 93 series potassium-ion electrode was used in
conjunction with the reference portion of the combi-
nation pH electrode to measure pK with an error of
+0.02. Orion digital pH meters were standardized to
read KCl molality directly with the slope adjusted to
100%. Both electrodes were standardized before and
after each experimental measurement.

All measurements were made in a glove box
flushed with compressed air bubbled through NaOH
solutions to remove CO, and through distilled water
to ensure H,O saturation. This process minimized
CO, contamination and evaporation of the quenched
solution during the measurement of activity. Approx-
imately 4 minutes elapsed between the quench and
insertion of the electrodes into the solution, and an-
other % and 3 minutes were required to achieve
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stable pK and pH readings respectively. The response
of the pH electrode was monitored on a strip chart
recorder, so that the rate of approach to a stable
reading could be accurately assessed.

Run products

Following each experiment the silicates were ex-
amined by optical and X-ray techniques. The solu-
tions were so dilute that very little new muscovite or
sanidine precipitated during the experiment, and
textural evidence was often insufficient to determine
reaction direction. However, the growth of muscovite
on sanidine crystals and the inclusion of muscovite
and sanidine in quartz are taken as evidence of sani-
dine dissolution in solutions of low starting mc/
myc, ratio. Muscovite inclusions could be occasion-
ally detected in sanidine crystals, indicating sanidine
growth at the expense of muscovite + quartz. Eu-
hedral quartz crystals about 10 X 50 microns crystal-
lized in runs whose initial starting compositions were
either in the muscovite or the sanidine field. In view
of the irregular distribution of these textures, the di-
rection of change in pH and pK provides a more re-
liable monitor of reaction direction and extent of re-
action. X-ray scans of all run products have been
made, but in no instance could a change in the poly-
morph of a phase be detected. In two runs, however,
a peak at ~14A was identified, and in both runs the
amount of sanidine was much reduced.

Calculation of speciation

In order to obtain the ratio ax./ay- (= K, for reac-
tion 1) from the measured my ,,, the distribution of
aqueous species must first be calculated for the aque-
ous solution from each run. We have calculated the
speciation by solving the following nonlinear system
of four mass-action-law equations (one each for the
complexes KCl, HCl, KOH, and H,0) and three
mass balances (for K, H, and Cl):

Mg+ Yx+ Mer- Yorr- = Kxer Miere Yra (%)
My Yur Mer- Yor = Kua Muae Yua (6)
Mg+ Yr Mon- You- = Kyxou Myon- YxoH (7)
My+ Yu+ Mon- You- = KH20 ay,0 ®
My o0 = Mg+ + My + Myon- &)
Meyo = M- + Myge + Mg (10)
My 1o = My + My an

The seven unknowns are the molalities of K*, H*,
OH-, CI7, KCI°, HCI°, and KOH?®. The activity of
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H,O (see footnote 1) is a function (though a very in-
sensitive one) of the molalities of those seven species,
and it can be calculated by solving a system with the
7 equations above plus one similar to that of Wood
(1975, eq. 14, p. 1150) which yields a4, as a function
of the molalities of individual aqueous species.
(Wood’s eq. 14 yields ay o in terms of the stoichio-
metric molalities of neutral salts.) If we do this for all
OUr TuDS gy, comes out to be > 0.997, and therefore,
to simplify matters, it has been set to 1.0 at any T, P.
In solving the system of equations we have calcu-
lated also (by iteration on the ionic strength) the indi-
vidual-ion activity coefficients with the Stokes—Rob-
inson equation modified by Helgeson (1969, eq. 43):

—A(T, P)2: T*

log v, P, D) = {5 Dy B(T, P)T"

+B(MI (12)
and the activity coeflicients for neutral complexes
with the equation (Helgeson, 1969, eq. 36):

log y° (T, )= ol (13)

where y* and y° are the individual activity coeffi-
cients; 4, and z, the distance of closest approach and
charge for each species; 4, B the Debye-Hiickel coef-
ficients; I the true ionic strength; and B and ¢ coeffi-
cients dependent on 7. The temperature and pressure
dependence of y} are incorporated in the coefficients
A and B which were calculated from the dielectric
constant and density of H,O at the P, T of interest
(Helgeson and Kirkham, 1974, their eqgs. 2 and 3).
Values for B at vapor pressure were taken from Hel-
geson (1969) without a pressure correction. Values of
o (eq. 13) up to 300°C were obtained from the data
in Helgeson (1969, Table 2); for higher-temperature
experiments, the 300°C value was used, and no pres-
sure correction was made for the experiments at 2
kbar. Errors introduced by these approximations are
very small. Note in particular that the quantities BT
and ¢7 in egs. 12 and 13 are very small, insofar as B
and o are multiplied by true ionic strengths of less
than 10>m—another minor advantage of performing
quench equilibrium experiments in dilute chloride
solutions.

The input needed to solve the system of equations
consists of four dissociation constants (taken for each
T, P of interest from Helgeson and Kirkham, 1976, p.
110-111) and the total molalities for Cl, K, and H.
Chloride was assumed unchanged from the starting
molality, and the last two total molalities were mea-
sured directly in the quench solution at the end of
each run. We have not made the assumptions of
Montoya and Hemley (1975), who took the total con-
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centrations of potassium in the initial and final solu-
tions to be equal (which ignores take-up or release of
potassium by the minerals), or of Shade (1968) and
Usdowski and Barnes (1972), who took the activities
of K* and Cl™ to be equal (which is probably in-
accurate on account of the differences in molalities
and activity coeflicients for the two ions).

The actual solving was performed by the subrou-
tine ZSYSTM (of the International Mathematical and
Statistical Library), which requires a set of initial
guesses for all the unknowns. The output for each so-
lution consists of the molalities, activities, and activ-
ity coefficients for each species in the solution, the
true ionic strength, and an echo of all the constants
and initial guesses used. Four-significant-figure solu-
tions were remarkably stable, never requiring more
than six iterations.

Calculated equilibrium constants

Equilibrium constants for reaction 1 were calcu-
lated using the thermodynamic properties of the sol-
ids from Helgeson e? al. (1978), and the partial molal
volumes, heat capacity 7, P functions, and entropies
of ions from Helgeson and Kirkham (1976). The val-
ues obtained are shown in Figures 2, 3, 4 and 6. The
calculations were performed with the computer pro-
gram SUPCRT described by Helgeson et al. (1978, p.
202) and kindly provided by them. We do not know
the error of these calculated equilibrium constants,
but the effect of replacing the thermodynamic prop-
erties of sanidine by those of microcline in these cal-
culations is shown in Figures 4 and 6.

Results

Initial and final experimental concentrations and
calculated equilibrium constants for all experiments
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are given in Tables 2 and 3. Table 2 summarizes the
experiments conducted at 205°C and 17 bar vapor
pressure for a variety of solid/fluid ratios. Figure 2 il-
lustrates the relationship between solid/fluid ratio
and the calculated log (ax-/ay+) ratio for these exper-
iments. Table 3 summarizes the results of experi-
ments conducted at 2 kbar. Experiments 1 through
24 were run at temperatures near 200°C, 2 kbar, and
at various solid/fluid ratios, and their relationship is
shown in Figure 3. Experiments 25-32 were con-
ducted at various temperatures at a solid/fluid ratio
of 1/16 (see below), and are summarized in Figure 4.

Discussion

Effect of solid/fluid ratio

A variety of trends are established by the series of
experiments in which the solid/fluid ratio is variable.
Figures 2 and 3 show that log (ax+/au.) increases
with solid/fluid ratio, and thus with surface area, for
experiments whose initial solutioh compositions were
in the muscovite field (i.e., relatively acidic). The
data in Tables 2 and 3 show that these trends are
caused primarily by increases in the pH in the runs,
and that smaller increases in pK tend to lower the ef-
fect of pH on the activity ratio. For the experiments
whose starting solution compositions were in the san-
idine field (i.e., were relatively alkaline), (ax+/au+)
decreases with increasing solid/fluid ratio at 2 kbar,
but follows no clear trend at 17 bar (Figs. 2 and 3).
The 2 kbar results are also shown in Figure 5 to de-
pict the relationship between the calculated pH and
pK as the solid/fluid ratio varies. For experiments
approaching equilibrium from the muscovite field
the pH and pK generally vary linearly with a slope of
~1 and an intercept of pH ~4.8. For runs in which

Table 2. Results of 45-day experiments at 205°C and 17 bar (vapor pressure), and calculated values of log (ax+/au+), yx+/yn+ and
ionic strength

log Initial Final (Quench) Calculated
run # solid/fluid oK o log myg/my oK pH  log (mK"'/mlH} log (aK+/aH+) Y/ Y+ E—l  1ob
5 -2.72 2.00 4.05 2.05 2.05 5.70 3.65 3.60 0.975 87
6 -2.05 2.00 k.05 2.05 2.03 6.42 4,39 L. 3k 0.975 89
7 -0.99 2.00 4.05 2.05 1.96 6.22 L.26 4,21 0.973 96
8 -0.48 2.00 4.05 2.05 1.65 6.39 L.7h 4,69 0.962 145
9 -2.60 2,00 9.21 foveeat 2.05 5.96 3.91 3.86 0.975 87
10 -2.07 2.00 9.21 7.21 2.08 oo 216 5.03 5.03 0.976 85
11 -1.00 2.00 9.21 T#.21 1.97 6.15 4.18 4.13 0.973 9k
12 -0.48 2.00 9.21 7.21 1.79 25 5.46 5.5L1 0.968 119
16 5. 575 2.00 10.02 8.02 1.92 5L 3.65 3.60 0.972 100
17 -1.53 2.00 10.02 8.02 1.88 5.24 3.36 3.31 0.971 105
Molal units
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Table 3. Experimental results at 2 kbar total pressure, and calculated values of log (ax+/au+), yx+/yu+> and ionic strength
Run Starting Final Calculated
duration Log log log log - i
run # ¢ days solid/filuid PK P (mpy/mgs) K PH  (mpa/mp)  (age/ag,)  (ygefyge) T'x 10
1! 189 + 5 55 -2.98 2.00 L.05 2.05 1.97  6.40  h.43 4.33 0.981 83
2 195 + 2 55 -2.06 2.00 L.05  2.05 2.07 6.95 L.88 L.77 0.982 78
3 195 + 2 55 -1.01 2.00 k.05 2.05 2,12 6.95 4.83 L.72 0.983 85
b 19T + 3 55 -0.48 2.00 L.o5 2.05 2.28 T7.28 5.12 4,88 0.983 71
13 192 + 3 L2 -1.92 2.00 3.09  1.09 2.00 6.78 L.78 .68 0.982 82
14 192 + 3 Lo -1.51 2.00 3.09  1.09 1.90 6.73 L.83 L.73 0.980 91
15 192 + 4 L5 -1.20 2.00 3.09  1.09 1.77 6.72  L4.95 4.86 0.977 107
192 200 + k4 b7 -2.67 2,00 10.02 8.02 2.00 8.4 6.46 6.33 0.965 179
20 209 + 5 o7 -1.92 2.00 10.02 8.02 2.00  T7.51 5.51 5.40 0.979 91
21 199 + 2 L6 -1.58 2.00  10.02 8.02 1.98 7.60 5.62 5.51 0.979 oL
22 201 + 3 b2 -1.31 2,00 10.02 8.02 1.82 7.08 5.26 5.16 0.977 102
23 203 + b 27 -0.96 2.00 9.75 T.75 1.72  6.46  L.Th 4.65 0.975 11k
2l 201 + 3 42 -0.48 2,00 10.02 8.02 1.38 5.28 3.90 3.83 0.960 209
25 262 + L 20 -1.22 2.00 3.08 1.08 1.89 6.48 k.59 447 0.976 90
26 362 + 10 27 -1.20 2.00 3.2b 1.2k 1.72 6.58 L.80 L. 67 0.968 96
27 476 + 10 20 -1.2h 2.00 3.08 1.08 1.92 5.96 L.0k 311847 0.969 63
28%2% 612 + U 20 -1.20 2.00 3.08 1.08 1.890 L.57 2.68 3.20 0.972 L1
29 260 + 6 20 -1.22 2.00 9.21 T.21 2.00 6.78 k.72 L, 66 0.978 82
30 356 + 3 20 -1.22 2.00 9.21 T.21 2.09 6.67 4,58 4.36 0.977 66
31 486 + 2 20 -1.22 2.00 9.21 T.21 1.96 6.12 k.16 3.99 0.969 61
32 623 ¥ 2 21 -1.2k 2.00 9.21  T.21 1.94 L6l 2.67 3.20 0.97k 38
No solid products present
Too little solid products to allow Xzray analysis
solid products include a peak at 14 A (= Al-montmorillonite?)
l'I\Io sanidine in run products
SMolal units
ST . equilibrium was approached from initially alkaline
17b Sonioing | solutions a very steep trend is obtained in which the
l Az increase in a,- is much larger than that in ag..
= 5h A | /
— \ colculoted + N
< S e Surface reactions
= . . . . .
<, Surface reactions like 3 and 4 could, in principle,
g affect the quench pH and produce the trends of Fig-
At ures 3 and 4 if their exchange constants changed with
1 a1 Muscovite
3 : 1 J temperature and pressure. However, these constants
-3 -2 -1 0

Log (solid/fluid)

Fig. 2. Variation of log (ay+/an+) with log (solid/fluid mass
ratio) at 17 bar and 205°C. Each run is represented by a short
vertical bar. The arrows show the direction of approach to
equilibrium, and each number identifies a run in Table 2. Arrows
pointing up and joined by the solid line refer to experiments in
which the starting solution had a low ay+/ay+ ratio, which is
equivalent to saying that the solution was acid and that it was
initially in the muscovite field. Arrows pointing down and joined
by the dashed line refer to runs in which the starting solution had
a high ax+/ay+ (i.e, a starting solution that was alkaline and in
the sanidine field). The ax+/ay+ for each run was calculated from
quench measurements via the speciation of the final solution. The
horizontal line at log (ax+/ay+) ~ 4.8 indicates the equilibrium
constant for reaction 1 calculated from thermodynamic data in
Helgeson et al. (1978) and Helgeson and Kirkham (1976).

may either increase or decrease with temperature and
thus only one trend at most could be explained by
surface exchange. For example, if the exchange con-
stants decreased, and especially if they become less
than 1 at high P and 7, these surfaces would begin
to adsorb K* and desorb H*. During the quench K*
would be desorbed and H* adsorbed, causing my./
my,. ratio to increase in the quench solution. This in-
crease would be greater the greater the surface area,
and could produce the trend established by the acid
approach experiments of Figures 2 and 3. If, on the
other hand, the exchange constants increased with
increasing T and P, then the opposite pattern of sur-
face exchange (i.e., that obtained in the alkaline ap-
proach experiments, Fig. 3) would take place.
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Fig. 3. Variation of log (ax+/ay+) vs. log (solid/fluid mass
ratio) for reaction 1-at 200°C and 2 kbar total pressure. The
horizontal line indicates the equilibrium constant for reaction 1
calculated from thermodynamic data—see caption to Fig. 2 for
more details.

Which trend (if either) is more likely to be caused
by surface reactions is determined by how and how
much the exchange constants vary with changes in
temperature and pressure. Considerations based on
estimates of AS, and AV, for reactions 3 and 4 point
to increasing exchange equilibrium constants, K.,
with increasing temperature, and therefore only the
trend of decreasing my./my. with increasing solid/
fluid (Fig. 3) could, in principle, be explained by sur-
face adsorption. The experimental results of Dugger
et al. (1964) for the surface exchange gel-SiOK + H;,
= gel-SiOH + K}, tend to confirm the above predic-
tion of increasing K., with increasing T. Actual val-
ues for K, of reactions 3 and 4 are only available at
low temperatures. At 25°C and 1 bar, K, = 10’* and
K, = 10*° (Garrels and Howard, 1959). The only
high 7-P data bearing on the problem are those of
Currie (1968), who measured the solubility of albite
in pure H,0O at 400-600°C and 0.75-3.5 kbar. He
showed that Na/Al in the experimental solutions was
always higher than in albite, and that the pH of the
final solutions varied between 9.64 and 10.63, de-
pending on the experimental conditions. The high
Na;, and low Hj, content of the experimental solu-
tions imply that at these large temperature—pressure
conditions H* was strongly preferred to Na* on the
feldspar surface. Hydrolysis of ions released by con-
gruent dissolution of the albite also changes the pH,
but not by several pH units, as in Curfie’s experi-
ments. Thus all the experimental evidence, though
scant, suggests that these silicate surfaces strongly
prefer H* to K* (or Na*) over a wide range of tem-
peratures and pressures.

Given, therefore, that the K.’s for surface ex-
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change reactions 3 and 4 are >> 1 at both low and
high temperatures, how much would surface ex-
change reactions change the m,. upon quench? Or-
der-of-magnitude calculations of such an effect yield
changes in the my. in solution of ~107" moles/liter
for the lowest solid/fluid ratio and ~107'° moles/liter
for the highest solid/fluid ratio, even allowing the
high-temperature K_, to increase or decrease by three
orders of magnitude with respect to its value at low
temperature. [The calculations involved averages of
particle size and surface charge density, the actual
masses of the solids and fluid in our experiments (Ta-
bles 2 and 3), and the actual experimental water
compositions.] Because these quantities (10~°-107"
mole H*/liter) are so much smaller than the actual
pH changes measured (up to three pH units, see alka-
line trend, Fig. 3), it can safely be concluded that nei-
ther of the quench pH trends of Figure 3, not even
the trend established by the alkaline approach exper-
iments, can result from the surface reactions.

Approach to equilibrium

The approach of these experiments to equilibrium
can only be assessed by the degree of approach of

T T
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Montoya and .
Hemley (1975) " A2
| odjusted fo 2kb *
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Fig. 4. The variation with temperature of the log (ax+/ay+)
calculated (via the speciation) from experiments conducted at 2
kbar in 1072 molal Cl~ solutions at a solid/fluid ratio of 1/16.
Boxes give uncertainty limits, and arrows indicate the direction of
approach to equilibrium (see caption to Fig. 2). The solid curve
was independently calculated from thermodynamic data for
minerals and aqueous species in Helgeson et al. (1978), Helgeson
and Kirkham (1976), and Walther and Helgeson (1977).
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ag+/ay- tatios at similar solid/fluid ratios. The sys-
tematic trends of Figure 3 show that the closest ap-
proach to equilibrium of initially very different start-
ing solutions is obtained at a solid/fluid ratio of
~107"* = 1/16. The experiments at 17 bar (Fig. 2)
suggest an optimum solid/fluid ratio of ~1/10, but
because they are more erratic than those at 2 kbar,
1/16 appears to be the most favorable solid/fluid ra-
tio to approach equilibrium most closely.

Higher-temperature experiments

Experiments investigating reaction 1 have been
conducted at ~260, 360, 480, and 620°C at 2 kbar,
and at a solid/fluid ratio of 1/16. Figure 4 shows that
all experiments between 200° and 500°C except #26
form tight reversals of reaction 1. Comparison of
these reversals with the calculated equilibrium con-
stant vs. temperature curve shows good agreement

200°C
2kb
+ Quartz

T25+
Sanidine

PH 700

675

— Acid approach

6.50
———= Alkaline appfoach

1 1 1
2.25

250
pK

Fig. 5. Calculated (—log ay+) vs. calculated (—log ag-+) for
experiments conducted near 200°C at 2 kbar. The crosses indicate
the uncertainties in the activities. The equilibrium constant
calculated from thermodynamic data for minerals and aqueous
species at 200°C is given by the slope of the solid line. See caption
to Fig. 2 for more details.
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Fig. 6. The variation with temperature of the log (ax+/ay+)
calculated from experiments of this study and from Usdowski and
Barnes (1972). The equilibrium constants calculated theoretically
for reaction 1 using alternatively microcline and sanidine are
included for comparison.

between the two. Two experiments (28 and 32) above
600°C on Figure 4 fall to the left of the calculated
line but very close to each other. In each case a 14A
phase (aluminum montmorillonite?) was produced,
destroying the buffer assemblage of reaction 1. Thus
these two points should not plot with the lower-tem-
perature results because a different assemblage buf-
fers these experiments. These two experiments are
nevertheless compatible with what is known about
this chemical and mineralogical system, because all
theoretically calculated equilibrium constants for
muscovite-aluminosilicate lie to the left of the mus-
covite-sanidine line. The convergence of the solution
compositions of these two runs suggests that a close
approach to (probably metastable) equilibrium has
been achieved. Thus these 600°C results further sup-
port the reliability of the rapid-quench technique, be-
cause they yield solution compositions in general
agreement with theoretical prediction and because
they are closely reversed.

Comparison with other work

Our results at 200°C and 17 bar are compared in
Figure 6 to the work of Usdowski and Barnes (1972)
and to the calculated equilibrium constants for mi-
crocline and sanidine. In view of the different experi-
mental techniques and starting materials used in
these two experimental studies, the results are in re-
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markable agreement with each other. Also, the ex-
perimental data are in reasonable agreement with the
calculated curves.

Higher-ptessure experiments have been conducted
on reaction 1 by Hemley (1959), Shade (1968, 1974),
Gunter (1974), and Wintsch (1975). Most of these re-
sults are difficult to compare with the present study
because the experiments were conducted at different
pressures or chlorinities from those reported here.
The study of Wintsch (1975) includes five experi-
ments run at 2 kbar in 107 molal solutions. This
curve lies at activity ratios approximately 0.4 log
units smaller than the results reported here. These
experiments involved solid/fluid ratios of between
1/30 and 1/60, and the data in Table 3 show that
half of the discrepancy between the two experimental
studies could be a consequence of this smaller solid/
fluid ratio. The error in the activity ratio of these ex-
periments is +0.2 log units. Thus within the urcer-
tainty of the data, the results of this study and of
Wintsch (1975) are in agreement.

It is difficult to compare the calculated activity ra-
tios of Shade (1968, 1974) and Montoya and Hemley
(1975) with our calculations, because the former
studies do not include the computation of activity co-
efficients, the calculations of Shade (1968, 1974) in-
volve the simplifying assumption that ax. = aq-,
which is not strictly valid, and the calculations of
Montoya and Hemley (1975) are for 1 kbar. We
have, however, adjusted the activity ratios of Mon-
toya and Hemley to 2 kbar. The corrected ratios are
included in Figure 4 for comparison. In view of the
different methods involved in these calculations, they
are in reasonable agreement.

The data in Figure 4 are thus significant because
the equilibrium constant for reaction 1 at 2 kbar as a
function of temperature has been obtained by a vari-
ety of methods that yield similar results. Within the
limits of the errors involved, the equilibrium con-
stants calculated from Hemley’s (1959) experiments
at 1 kbar in 2-molar solutions are indistinguishable
from those calculated in this study from experiments
at 2 kbar in 1072 molal solutions. Both of these results
agree with the equilibrium constants calculated from
the thermodynamic data of Helgeson et al. (1978)
which were, in turn, calculated from other experi-
mental studies involving the synthetic minerals of re-
action 1. We conclude, therefore, that the thermody-
namic properties of synthetic muscovite, sanidine,
and quartz are uniform from laboratory to labora-

tory.
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Conclusions

From the data summarized in Figures 2 and 3 it
appears that surface reactions do not affect quench
pH in dilute solutions. Although we have no ex-
planation for the observed trends of pK and pH vs.
the solid/fluid ratio, they suggest that the narrowest
reversals are obtained at solid/fluid ratios of 1/16.
Significantly, these narrowest reversals are also the
ones closest to the calculated log K.

We recommend that the aqueous concentrations of
all elements be measured after quench for two rea-
sons: to better monitor the approach to equilibrium
of the solutions with the whole assemblage, and to al-
low for a more thorough calculation of the speciation
of the final solution (in this case the addition of silica
and aluminum species).

The agreement of our equilibrium constants, de-
termined from experiments in dilute solutions, with
the constants determined by others from experiments
in concentrated solutions, and with constants calcu-
lated from an internally-consistent set of thermody-
namic properties is remarkable. Clearly, accurate
high-temperature/high-pressure solid—fluid equilib-
rium data can be obtained from experiments in-
volving dilute chloride solutions.
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Abstract

Mordenite was formed directly at 100°C, 1 atm from clear aqueous Na-Al-Si solutions
containing an extremely small quantity of Al In seeded and unseeded systems, mordenite
crystals up to 4um X 2um with acicular or prismatic habit were grown. They were elongated
along the ¢ axis of the orthorhombic cell with the prism zone formed predominantly by the
(110) plane.

In the seeded systems, rapid crystallization of mordenite occurred because the seed surface
provided nucleation sites. Mordenite grew on the seed surfaces, whether or not the morphol-
ogy and the composition and structure of the seed differed widely from mordenite. Such
growth phenomena were different from those observed with analcime grown in seed systems.

The chemical composition of mordenite was governed by the initial ratios of soda, alu-
mina, and silica in the initial gels and was independent of the depletion of nutrient with reac-

tion time.

These results probably can be explained by the crystallization mechanism for analcime

proposed by Ueda and Koizumi (1979).

Introduction

Most zeolites have been synthesized from active al-
kaline aluminosilicate gels consisting of hetero-
geneous phases in which amorphous solid and aque-
ous solutions coexist. The amorphous material
decreases as the crystallization of zeolite proceeds,
and consequently two solid phases, amorphous solid
and crystalline material, coexist with solution until
the reaction is completed. The crystallization mecha-
nism in such heterogeneous phases is complicated
and is not yet fully understood, but both the nature
of the nutrient solid gel and the aqueous solution
contribute directly to the zeolite formation.

Two hypotheses have been proposed for zeolite
crystallization, namely, in the gel phase or from the
solution phase. The former was postulated by Breck
and Flanigen (1968), and later by McNicol et al
(1971, 1972), and Aiello et al. (1971a,b), and the lat-
ter was proposed by Kerr (1966, 1968), and later by
Ciric (1968), Culfaz and Sand (1973), Cournoyer ef
al. (1975), and Ueda and Koizumi (1979).

0003-004X/80/0910-1012$02.00

In 1979 we reported that analcime, hydroxy-
sodalite, and zeolite B crystallized from clear aque-
ous solutions. In the present study, the crystallization
of mordenite from a low-Al solution phase in the
Na,0-ALO,;-Si0,-H,0 system was investigated at 1
atm.

Barrer (1948) first synthesized mordenite, and
there are many studies of its mineralogy, geology and
chemistry: Barrer and White (1952), Sand et al.
(1957, 1971), Ames and Sand (1958), Coombs et al.
(1959), Ellis (1960), Ames (1963), Domine and Quo-
bex (1968), Sand (1968), Senderov (1968), Kranich ez
al. (1971), Senderov and Khitarov (1971), Whitte-
more (1972), Culfaz and Sand (1973), and Nakajima
(1973). Mordenite syntheses were made under hydro-
thermal conditions in various types of high-pressure
reaction vessels.

In our experiments, the following problems were
examined: (1) the effect of added seed crystals on the
crystallization and morphology of synthesized mor-
denite, (2) the selectivity of seed materials for morde-

1012
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Table 1. Variation of Si0,/Al,0; ratios of synthetic mordenites in
seeded systems

Sp. Run Seed Wt. % of Apparent Corrected
nos. (days) (g/1) seed(*1) ratios(*2) ratios(*3)
821 2 0.4 11.48 14.35 15.00
822 4 0.4 4.98 14,74 15.03
823 6 0.4 2...99 14.89 15.06
824 8 0.4 2.61 14.96 15.11
831 2 0.6 14.14 14.26 15.07
832 4 0.6 6.53 14.60 14.97
833 6 0.6 4.51 14.75 15.01
834 8 0.6 3.98 14.84 15.07
861 2 6Lo 2 18.49 14.05 "5r192
862 4 1.2 9.64 14.47 15.02
863 6 1vg2) 6.55 14.64 15.01
864 8 ) 5.80 14.67 15.00

The Si0 /AlZO ratio of natural mordenite used as seed was
9,303 %nitlai composition of gels corresponds to C2. (*1)
weight 7 of seed in crystal aggregates, (*2) SiOz/Al 03
ratios of crystal aggregates, and (*3) the ratios ca%cula—
ted using the data of colummns 4 and 5.

nite crystallization, and (3) the effect of reaction time
and amount of added seed on the Si0,/Al,O; ratio of
synthesized mordenite.

Experimental

Gels with three fixed batch compositions (Cl)
10Na,0-0.1A1,0,-348i0,440H,0, (C2) 10Na,O-
0.15A1,0,-368i0,-440H,0, and (C3) 10Na,O-
0.15A1,0,-325i0,-440H,0 were prepared from a
10M solution of sodium hydroxide (90.0 volume per-
cent H,0), sodium aluminate (35.05 weight percent
Na,O and 42.36 weight percent Al,O,), aqueous col-
loidal silica sol (0.3687g/ml SiO, and 83.5 volume
percent H,0), and distilled water. The total volume
of each gel was adjusted to 250 ml in a 500 ml poly-
propylene bottle, which was used as a reaction vessel.

After the preparation of gels, milky turbidity was
observed, which disappeared within 3 hrs by stirring
and heating at 100°C in a water bath. Crystallization
was observed in the clear solution systems after 30
hrs or longer at 100°C. Runs ranged in duration
from 2 to 25 days.

In seeded systems, natural mordenite and quartz,
synthesized mordenite, analcime, hydroxysodalite,
and calcium carbonate were added to gels as seeds.
The natural minerals were first ground to minus 200
mesh. After each run, the product was separated
from the solution through a teflon microfilter, and
washed thoroughly with hot water. The residue was
dried at 110°C for 48 hrs, exposed to saturated water
vapor at 25°C in a desiccator, weighed, and analyzed
by X-ray powder diffraction (CuKa radiation), opti-
cal microscopy, scanning electron microscopy
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(SEM), and DTA. Chemical analysis was made on
several samples by gravimetric methods. The results
are given in Table 1.

Results and discussion

Crystallization of mordenite

The crystallization of mordenite was characterized
by a long induction period followed by a slow initial
crystallization. In Figure 1, the amounts of morde-
nite synthesized from clear solutions of the batch
compositions Cl, C2, and C3 are plotted as a func-
tion of reaction time. The induction period was re-
duced as the initial SiO,/Al, O, ratio of gels in-
creased.

Analcime, in addition to mordenite, appeared ini-
tially as a minor phase but increased with reaction
time. The quantity of analcime was determined by an
intensity ratio of X-ray diffraction peaks using a cali-
bration curve.

The values on the longitudinal axis in Figure 1 in-
dicate the absolute amounts of products per liter of
gel. A relative indication such as weight percent was
not used because accurate compositions of synthe-
sized mordenite and analcime could not be deter-
mined.

As shown in Figure 2(a,b), acicular or prismatic
crystals correspond to mordenite, and the spherical
crystals are analcime. Electron diffraction analysis of
the mordenite crystals showed that elongation of a
crystal is parallel to the ¢ axis of the orthorhombic
cell, and the prism zone is formed by (100), (010),
and (110) planes. As crystals grew, the (110) plane

LY

Crystals Formed (g/i)

- oe i
Time (days)

Fig. 1. Variation of the amounts of crystals formed from clear
aqueous solutions as a function of time. Symbols for mordenite
and analcime are circles and squares, respectively. Baich
compositions of gels for curves 1, 2, and 3 correspond to Cl, C2,
and C3, respectively.
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Fig. 2. SEM photographs of mordenite and analcime crystals: a and b: unseeded systems; ¢ and d: seeded systems. Acicular or
prismatic crystals are mordenite, and spherical ones are analcime. Batch compositions of gels are C2 for a, ¢, and d, and C3 for b. The
weights of natural mordenite seed added to gels for ¢ and d were 0.2g and 1.2g per liter of gel, respectively. Runs were 8 days for all

cases.

became predominant, but the prism zone of the
larger crystals increasingly deviated from the (110)
plane. There was no regularity for such deviation
even in the crystals produced from the same solution
phase.

Effect of seeds

Mordenite crystals from Shiroishi, Miyagi, Japan,
were added to prepared gels with batch compositions
Cl1, C2, and C3 (0.1 to 1.2g per liter of gel). In Figure
3, the weight of mordenite obtained in a constant
time is plotted as a function of weight of seed crys-
tals; the plotted values do not contain the weight of
seed.

The suspension of seed crystals in solutions re-
sulted in rapid crystallization, and the addition below
0.2g/liter was particularly effective. Mordenite crys-
tallized and grew rapidly on seed surfaces. The crys-
tals became smaller in size and larger in number with
an increase of the quantity of seed, as represented in
Figure 2(c,d). Analcime could no longer be observed
in the products. Probably the mordenite crystalliza-
tion was so fast that the nucleation of analcime was
hindered.

Synthesized mordenite with a uniform size (1 to
3um), previously prepared from gels of batch compo-
sition C2, was added to freshly prepared gels of batch

composition C3. In Figure 4, the amount of morde-
nite formed with a constant weight of synthetic seed
is plotted as a function of time. As can be seen in
Figure 4, curves 1 and 2 shift upward beyond curve
N for an unseeded system. However, the synthetic
seed is less effective in promoting crystallization than
the natural mordenite seed shown in Figure 3. This
indicates that shape and size of seed have an effect on
crystallization, because a larger euhedral crystal pro-
vides a smaller total surface area for nucleation.
These results agree with those of Culfaz and Sand
(1973), who investigated extensively the nucleation
and crystallization of mordenite from heterogeneous
gels. They concluded that, in the unseeded system,
the rate-determining step in the overall process is nu-
cleation, and in the seeded system the diffusion of
soluble species, which are readily available at the
crystal-liquid interface, is the rate-limiting step.

Selectivity of seeds

Synthesized analcime (12 to 14um) and calcium
carbonate (below lpum) were used as seed for the
growth experiment of mordenite. The results are rep-
resented in Figure 4, and show that these substances
played a significant role in seeding for mordenite
crystallization, because curves 3 to 6 in Figure 4 shift
upward beyond curve N for the unseeded system.
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Mordenite Formed (g/l)

o
T

06
Seed (g/l)

08 L0 1.2

Fig. 3. Variation of the amounts of mordenite formed in natural mordenite seed system as a function of weight of seed. Batch
compositions of gels are C1 for circles, C2 for diamonds, and C3 for squares. Runs were 2 days for curves 1, 5, and 9; 4 days for curves 2,
6, and 10; 6 days for curves 3, 7, and 11; and 8 days for curves 4, 8, and 12.

A

Y]

Mordenite Formed (g/l)

SEM photographs of the mordenite crystals grown
on the surface of analcime crystals are shown in Fig-
ure 5(a,b), but no regularity of the growth habit
which depends on the morphological features of
analcime could be found. Although the crystal struc-
ture and composition of mordenite differ widely from
the seeds, the latter surfaces are able to provide the
nucleation sites for the mordenite crystallization.

On the other hand, whereas analcime also crystal-
lized from the unseeded solution phase, in seeded
systems its crystallization and growth were remark-
ably different from those of mordenite. With syn-
thetic analcime (12 to 14um), synthetic hydroxy-
sodalite (3 to 4um), and natural mordenite as seed,
the growth experiment of analcime was carried out in
clear solutions with the composition 10Na,0-0.075

Time (days)

3

>
o

Fig. 4. Variation of the amounts of mordenite formed in three
kinds of seeded systems as a function of time. (i) Synthetic
mordenite seed for solid lines | and 2; (ii) synthetic analcime seed
for dashed lines 3 and 4; and (iii) calcium carbonate seed for
broken lines 5 and 6. However, curve N illustrates the results in
unseeded systems, and corresponds to curve (3) in Fig. 1. The
weight of seeds added were 0.2g per liter of gel for curves 1, 3, and
5, and 0.4g for curves 2, 4, and 6. In all cases, gels with batch
composition C3 were used.
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Fig. 5. SEM photographs of mordenite and analcime crystals formed in seeded systems: a and b illustrate prismatic mordenite crystals
grown on the surface of analcime seed in the solution of batch composition C3; runs were 2 days for a and 4 days for b. ¢ and d show
spherical analcime crystals formed in synthetic analcime and natural mordenite seed systems, respectively. For ¢ and d, the initial
composition of gels used was 10Na,O - 0.075A1,0; - 108i0, - 370H,0; runs were 2 days for ¢ and 4 days for d. In the case of c, the
growth of seed (large particles) is observed. The weight of seeds added was 0.4g per liter of gel in all cases.

AL, 10S810,-370H,0, which was an optimum com-
position for the synthesis of analcime.

In Figure 6, the amounts of analcime formed with
a constant weight of seed are plotted as a function of
time. Seeds other than analcime proved to be inert in
the crystallization of analcime, because the observed
values except for curves 1 and 2 in Figure 6 deviate
downward from curve N for the unseeded system.
From the fact that the deviation from curve N, espe-
cially in an early stage of reaction, increases with in-
creasing weight of the inert seeds, we conclude that
they interfered with the diffusion of soluble species of
analcime in crystal-solution interface.

These results can be also explained using the SEM
photographs shown in Figure 5. In analcime seeded
systems (5¢), large crystals are grown from seed, and
small ones are newly-formed analcime. However, in
the case of the natural mordenite seed system (5d),
no definitive correlation between the formed crystals
and the topology of seed surfaces is observed.

These results demonstrate the selectivity of seeds
to crystallization and growth of analcime or morde-
nite, as follows. Analcime is spherical in shape at an
early stage of crystal growth, and preserves a cubic
trapezohedral crystal form. Accordingly, growth on
the surface of seed crystals is difficult uniess the seed

is isostructural to analcime. On the contrary, morde-
nite is acicular or prismatic, and tends to elongate
parallel to the ¢ axis; in addition, the prism zone is
not always formed by a definite plane such as the
(110) plane. As the growth direction is more random,
as represented in Figure 5(a,b), the topology of the
seed surface is not a critical factor in the nucleation,
crystallization, and growth of mordenite crystals.

Compositions of mordenites

The composition of synthetic mordenite is charac-
terized by the Si0,/Al O, ratio, which varies over a
relatively narrow range according to the conditions
of synthesis. In most cases, the ratio varies between 9
and 10 for an ideal composition (Barrer and White,
1952; Nakajima, 1973). In some mordenites prepared
by special methods, however, a ratio higher than 10
has been reported (Sand, 1968; Kranich et al., 1971;
Whittemore, 1972).

In our study, the accurate compositions of morde-
nites obtained in both seeded and unseeded systems
were not determined directly, because the added seed
in the seeded systems and the analcime phase in the
unseeded systems were coexistent in the products.

However, in the natural mordenite seeded systems
comparatively good results were obtained, as a large
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n

L]
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Analcime Formed (g/l)

< 5
Time (days)

Fig. 6. Variation of the quantities of analcime formed in three
kinds of seeded systems as a function of time. (i) Synthetic
analcime seed for curves 1 (0.2g per liter of gel), 2 (0.4g), and N
(unseeded), (ii) synthetic hydroxy-sodalite seed for triangles (0.2g)
and squares (0.4g), and (iii) natural mordenite seed for diamonds
(0.2g) and hexagons (0.4g). The initial gel composition was
10Na,0 - 0.075A1,0; - 10810, - 370H,0.

amount of mordenite was produced and the distribu-
tion of seed crystals was homogeneous in the crystal
aggregates. In Figure 7, the apparent SiO,/AlLQ; ra-
tios of synthetic mordenites from solutions with the
batch composition C2 are plotted as a function of
time.

The solid lines in Figure 7 correspond to the varia-
tion of the ratios for the crystal aggregates. The ratio
increases with reaction time and depends on the
amount of seed. On the other hand, in Figure 8, the
weight percent of seed in the crystal aggregates is
plotted as a function of time. The Si0,/AlLO, ratio of
the seed was 9.32. Accordingly, the values plotted on
the solid lines in Figure 7 were corrected using the
data represented in Figure 8, and the corrected val-
ues are plotted along broken lines in Figure 7. The
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Fig. 7. Relationship between SiO,/Al,0; ratios of mordenite
synthesized in natural mordenite seed systems and reaction time.
The weights of seed added were 0.4g per liter of gel for circles,
0.6g for squares, and 1.2g for triangles. Solid lines illustrate the
variation of Si0,/Al,0; ratio for crystal aggregates consisting of
formed mordenite and seed. Dashed lines represent the corrected
ratios which were calculated by considering the weight percent of
seed in the crystal aggregates (see Fig. 8). In all cases, gels with
batch composition C2 were used.

average value thus obtained was 15.0, and similarly,
in seeded systems, the average SiO,/Al O, ratios of
mordenites crystallized from clear solutions with
batch compositions C1 and C3 were 13.7 and 13.1,
respectively.

As can be seen from the three batch compositions,

Weight % of Seed

-
T

0 |
‘ 4 6 ] 10
Time (days)

Fig. 8. Relationship between weight percent of seed contained
in crystal aggregates and reaction time. Symbols of circles,
squares, and triangles correspond to those in Fig. 7.
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the alumina content was much lower than soda and
silica contents, and consequently, owing to the for-
mation of mordenite, the concentration of alumina in
the solution phase decreased rapidly with reaction
time as compared with those of other two com-
ponents. Provided the SiO,/Al,Q, ratio of the crystal-
lizing mordenite varies with the change of the SiO,/
AL, ratio of mother liquor, one might expect that
the ratio in mordenite increases with reaction time.
However, the corrected values along the broken lines
in Figure 7 remain approximately constant regardless
of the duration of reaction. Since the different batch
compositions of starting materials led to different
Si0,/ Al O, ratios of mordenites, it is obvious that the
compositions of mordenites were governed by the
initial ratio of soda, alumina, and silica in starting
materials.

When mordenite crystallization occurs in clear
aqueous solutions, its mechanism can probably be
explained on the basis of the crystallization mecha-
nism for analcime proposed by Ueda and Koizumi
(1979).

Conclusions

Mordenite crystallized directly from aqueous clear
solutions containing no amorphous solid at 100°C at
1 atm. The addition of seed to the solutions resulted
in the rapid crystallization and growth of mordenite,
even on the surface of seeds whose compositions and
structures differ widely from those of mordenite. The
composition of growing mordenite was unchanged in
the overall process and was independent of the deple-
tion of soda, alumina, and silica contents of the solu-
tion phase during the formation of crystals. From
these results, we conclude that the crystallization and
growth probably can be explained by assuming a
complex building block model in solution for the sol-
uble chemical species. We suggest that such species
possess fixed compositions and incipient ordered
structures which are identical to those of mordenite
and that they polymerize to form mordenite crystals.
However, their physicochemical properties have not
yet been determined directly, and remain a difficult
subject to be investigated in future.
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Uranium- and thorium-rich vesuvianite from the Seward Peninsula, Alaska
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Abstract

Vesuvianite rich in U, Th, and REE occurs in a syenite and nepheline syenite in south-
eastern Seward Peninsula, Alaska. The vesuvianite occurs as large (up to 1.5 cm) tabular
crystals; in thin section it is brownish-yellow and commonly zoned with an isotropic (meta-
mict) core and an anisotropic (non-metamict) rim. The chemical composition can be approxi-
mated by the formula (Ca,Na,La,Ce,Pr,Nd,U,Th),s (Al Ti,Fe,Mn,Mg),,+Si,s(O,OH,F);.
UO, content ranges from 0.39 (non-metamict) to 0.84 weight percent (metamict), and ThO,
ranges from 0.72 (non-metamict) to 2.70 weight percent. Coexisting allanite has UO, and
ThO, contents that range from 0.29 to 0.40 and 0.77 to 1.30 weight percents, respectively. The
vesuvianite probably formed by metasomatic activity prior to intrusion of subsilicic alkaline

dikes.

Introduction

Vesuvianite occurs in a variety of environments,
principally in metamorphosed limestone but also in
veins associated with mafic and ultramafic rocks and
in nepheline syenite and other alkalic rocks. Inoue
and Miyashiro (1951) have shown that compositional
variations of vesuvianite are related to its occurrence.
The mineral generally does not contain appreciable
amounts of uranium and thorium nor is it metamict.
To our knowledge, the only previously-reported oc-
currence of U- and Th-rich vesuvianite contained
1.00 weight percent U,O, and 0.53 weight percent
ThO, and occurred in a nepheline syenite in the
USSR (Kononova, 1960). We report a recent finding
of a U- and Th-rich metamict vesuvianite in syenite
and nepheline syenite from the southeastern Seward
Peninsula, Alaska (Fig. 1). The mineral was earlier
reported to be allanite (Miller ez al., 1976), but more
detailed study has shown that it is vesuvianite; lo-
cally, allanite is abundant and in hand specimen is
indistinguishable from vesuvianite. The identifica-
tion of vesuvianite is based on optical properties,

0003-004X/80/0910-1020$02.00

chemical composition, and the powder X-ray diffrac-
tion pattern of a heated sample.

Geologic setting and petrography

The vesuvianite-bearing syenite occurs in the cen-
ter of the Kachauik pluton, which is a large com-
posite body of monzonite, syenite, and granodiorite
of mid-Cretaceous age (Miller and Bunker, 1976).
The pluton occupies an upland region west of the
Darby Mountains and has an outcrop area of about
530 km>. A N40°E-trending alkaline dike swarm
consisting of pulaskite and pseudoleucite porphyry
cuts much of the north half of the pluton.

Vesuvianite occurs in syenite boulders scattered
along a ridge crest over an area approximately 1.3 by
0.4 km in the north-central part of the Kachauik plu-
ton (Fig. 1). Extensive frost action has reduced most
outcrops to rubble and talus. Due to the absence of
outcrop, the relation of the vesuvianite-bearing sye-
nite to the remaining syenite and monzonite of the
pluton is uncertain. Vesuvianite-bearing syenite oc-
curs as discrete boulders, although thin-section study
indicates some gradation into adjacent vesuvianite-
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Fig. 1. Index map showing the location of uranium- and thorium-rich vesuvianite-bearing nepheline syenite (stipple pattern).

free syenite and monzonite. These boulders occur
within 250 m of a pulaskite dike which is approxi-
mately 10 m wide and over 3 km long and strikes
N40°E. Although the absence of outcrops makes de-
termination of attitudes difficult, the vesuvianite-
bearing syenite boulders also appear to occur discon-
tinuously along a N40°E trend.

The monzonite and syenite are porphyritic; pheno-
cryst minerals, set in a medium-grained groundmass,
are perthitic potassium feldspar, hornblende, and
clinopyroxene. Groundmass minerals are dominantly
potassium feldspar and subordinate plagioclase
(An,, 4s); quartz ranges up to 5 volume percent. Bio-
tite is rare, and melanite garnet is locally present in
border phases. Nepheline is rare except in and near
vesuvianite-bearing syenite. Ubiquitous sphene, apa-
tite, zircon, and sporadically distributed magnetite
and allanite are accessory minerals. Alignment of po-
tassium feldspar phenocrysts imparts a trachytoid
texture.

The vesuvianite-bearing syenite contains perthitic
potassium feldspar and either nepheline or plagio-
clase (An,,), but not both in the same specimen.

Plagioclase is unaltered or sericitized, and in some
samples nepheline is altered to cancrinite. Mafic min-
erals are vesuvianite, hornblende, and lesser amounts
of green clinopyroxene; biotite is present in minor
amounts, generally as a replacement of hornblende.
Zircon, sphene, and apatite are the most common ac-
cessory minerals; zircon occurs as large euhedra as
much as 10 mm across and locally constitutes 2 to 3
percent of the rock. Melanite garnet and allanite are
less common, although allanite does occur locally in
amounts of a few percent. The vesuvianite-bearing
syenite is medium- to coarse-grained and porphyritic,
commonly with a trachytoid alignment of potassium
feldspar phenocrysts.

Individual blocks of the vesuvianite-bearing sye-
nite are highly radioactive; a hand-held scintillome-
ter yielded a counting rate up to 8000 counts per sec-
ond (total counts). Delayed neutron and gamma-ray
spectrometric analyses were obtained on rock sam-
ples showing the highest radioactivity and containing
an estimated 30-50 volume percent vesuvianite. Ura-
nium in the samples reaches a maximum of 1545
ppm as compared to a maximum of over 9000 ppm
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thorium (Table 1). Semiquantitative spectrographic
analysis of the same samples indicates a rare-earth
element (REE) content of over 2 weight percent,
principally consisting of La, Ce, Pr, Nd, Sm, Gd, and
Y (Miller et al., 1976).

Vesuvianite

Description and powder X-ray diffraction pattern

The vesuvianite occurs as euhedral tabular crystals
as long as 1.5 cm. These crystals may constitute up to
50 volume percent of individual syenite boulders. On
weathered surfaces vesuvianite is altered to an un-
identified bright orange material. In hand specimen
the vesuvianite is black, in thin section it is brownish-
yellow with anastomosing fractures. Both isotropic
(metamict) and anisotropic (non-metamict) vesu-
vianite are present in the same thin section. Zoning
of vesuvianite crystals is common; inner parts are
generally isotropic, have low relief, and are darker-
colored than the anisotropic, higher relief, lighter-
colored rims. Contacts between zones are abrupt and
irregular, and some grains show more than two
zones. The anisotropic material is uniaxial negative,
nonpleochroic with low birefringence. Vesuvianite
contains inclusions of all other major minerals in its
host rock and is one of the last minerals to have crys-
tallized. Relict ragged grains of allanite are com-
monly enclosed in vesuvianite.

Because of the metamict character of most of the
vesuvianite crystals, it was not possible to obtain a
powder X-ray diffraction pattern of the material in
its natural state. Following the method of Kononova
(1960), we heated the vesuvianite to a temperature of
800°C for 1 hour. The diffraction pattern obtained
from the annealed material is compared to the more

Table 1. Uranium and thorium analyses in parts per million (ppm)
of selected samples of vesuvianite-bearing syenite, Kachauik
pluton, Alaska

Sample No. U ppm* (CV) U ppm** Th ppm* (CV) Th ppm**
76 AMm 112 1107 (1) 1000 6619 (2) 5700

76 AEr 23 1162 (1) 1050 7692 (1) 6400

76 AMm 112B 1486 (1) -- 9240 (1) --

76 AEr 23B 1545 (1) 1500 8408 (2) 7000

77 AMm 62 1411 (3) - 9355 (5) -—

*Delayed neutron determination. CV = Coefficient of vari-
ation = one standard deviation, expressed as percentage of con-
centration. Analysts: A. J. Bartel and R. J. Vinnola.

**Gamma-ray spectrometric analysis.

Analysts: C. M.
Bunker and C. A. Bush.

--not determined

: VESUVIANITE FROM ALASKA

Table 2. Interplanar spacing of Alaskan vesuvianite, USSR
vesuvianite, and JCPDS vesuvianite 22-533

Alaskan U.S.S.R. JCPDS 22-§33
vy, dR) v dd) UL dd)
40 3.29 30 3.25
50 3.018 40 3.01 60 2.948
100 2.803 100 1/ 100 2.759
80 2.646 80 2.61 80 2.599
30 2.513 60 2.48 60 2.465
10 2.39 10 2.354
10 2.187 50 2.128
10 1.935 30 1.892
50 1.767
10 1.704 30 1.682
40 1.677 50 1.666
70 1.658 70 1.647 80 1.625
10 1.585 10 1.590 40 1.562

Alaskan vesuvianite (sample 77 AMm 70) heated at
800°C for 1 hour. U.S.5.R. veswvianite is analysis no. I
from Knononova (1360).

intense lines of the JCPDS vesuvianite pattern 22-533
and to Kononova’s analysis No. 1 (Table 2). The
Alaskan vesuvianite pattern is generally comparable
to the JCPDS pattern, although the interplanar spac-
ings of the Alaskan vesuvianite are invariably larger
than those of the JCPDS pattern, as are those of
Kononova’s sample. The differences in interplanar
spacings are probably related to differences in chem-
ical composition of the Alaskan and USSR vesuvian-
ites relative to the more standard chemical composi-
tion.

Chemical composition

The chemical composition of the Alaskan vesu-
vianite was determined with an ARL EMX-SM electron
microprobe, and representative analyses of a zoned
crystal are given in Table 3; each analysis is an aver-
age of 5 spots. Standards were as follows: U metal for
uranium; .natural thorite for Th; synthetic glass for
REE; and natural and synthetic pyroxenes for all
other elements. Characteristic X-ray lines measured
were; UMPB, ThMa, REELq, and Ka for the remain-
der of the elements. The LaLB peak overlaps with
the PrLa peak, and thus in analyses for Pr the X-ray
intensity obtained at the PrLa wavelength setting
must be corrected for the LaLB contribution. Ac-
cording to Amli and Griffin (1975), this correction is
approximately 12.7 percent. Although this correction
is substantial and critical for many analyses of Pr, it
is insignificant at the concentration levels of Pr in the
vesuvianite. Uranium values were checked with a
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Table 3. Chemical compositions and structural formulas of
vesuvianite and allanite in nepheline syenite of the Kachauik
pluton, Alaska

Vesuvianite Allanite
Zone 1** Zone 2 Zone 3
S'iOZ 37.4 35.6 36.4 33.6
AIZO3 1.3 11.8 12.0 15.7
T1'02 2.83 3.01 3.58 0.56
FeO* 8.83 8.72 7.87 15.9
Mn0 0.25 0.25 0.21 0.22
Mg0 1.58 1.50 1.49 0.21
Ca0 29.4 31.0 32.1 13.4
Na20 0337 0.38 0.38 0.04
La_ZO3 1.40 1.16 0.78 5.84
CeZO3 3.1 2.06 1.23 10.0
P|r203 0.48 0.32 0.20 1.52
Nd203 1.07 0.65 0.42 1.70
ThO2 2.69 1.51 0.73 0.86
uo, 0.84 0.66 0.64 0.38
Total 101.55 98.62 98.03 99.93
Cations per 72 oxygens ?gFgogin::s

Si 18.474 17.901 18.049 3.
Al - 0.099 -- -
03 18.474 18.000 18.049 3.1
Al 6.579 6.894 7.013 1.713
Ti 1.051 1.138 1.335 0.03%
Fe2+ 3.648 3.666 3.264 1.231
Mn 0.104 0.106 0.088 0.017
Mg 1.164 1.124 1.101 0.029
LY 12.546 12.928 12.801 3.029
La 0.255 0.216 0.143 0.199
Ce 0.562 0.380 0.223 0.339
Pr 0.086 0.058 0.036 0.051
Nd 0.189 0.117 0.074 0.056
Th 0.303 0.173 0.083 0.018
U 0.092 0.074 0.071 0.008
Na 0.353 0.372 0.366 0.007
Ca 15.560 16.701 17.053 1.329
X 17.400 18.091 18.049 2.007

*Total iron as Fel

**Zone 1 is isotropic (metamict) core, Zone 2 is intermediate
metamict zone of slightly higher relief than Zone 1, and
Zome 3 is anisotropic (nom-metamict) vim. Vesuvianite sample
77 AMm 70; allanite sample 77 AMm 62.

UO, standard, and differences obtained with U metal
and UO, as a standard were +4 percent of the
amount present. No standard check was available for
the Th or REE. Matrix corrections were made by the
procedure of Bence and Albee (1968) and the correc-
tions factors of Albee and Ray (1970). There is no a-
factor available for the UM line, so the UM« a-fac-
tor was used in the correction. Judging from the mass
absorption coefficients given by Heinrich (1966) for
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UMa and UMP, any error introduced by using the
UMa a-factor should be minimal.

Although the chemical formula of vesuvianite as
proposed from a structural analysis by Warren and
Modell (1931) can be written Ca,,Mg,Al;Si,
(0,0H,F),, vesuvianite analyses show considerable
variation from this formula (Deer et al., 1962, p. 116,
117). Machatschki (1932) proposed the alternate for-
mula X,,Y ,Z,;(0,0H,F),, where X = Ca(Na,K,Mn),
Y = (Al Fe’*,Fe** Mg, Ti,Zn,Mn), and Z = Si, and
analyses cited by Deer et al. (1962) fit this formula
closer. Other proposed formulas (see Ito and Arem,
1970) are similar to Warren and Modell’s original
formula, but none agrees with all published analyses.

The Alaska vesuvianite formula was calculated an-
hydrous by Jackson et al.’s (1967) method. Total iron
was calculated as Fe?*, although some Fe** is cer-
tainly present. The Alaskan vesuvianite differs from
other reported vesuvianite analyses in its significant
content of U, Th, and REE. All these elements have
ionic radii comparable to Ca and have been assigned
to the X group of elements substituting for Ca. For
the Alaskan vesuvianite X is close to 18, Y to 13, and
Z to 18. A similar formula was determined for the
USSR U- and Th-bearing vesuvianite (Kononova,
1960).

Except for the U, Th, and REE, the Alaskan vesu-
vianite is similar in composition to other vesuvian-
ites. Inoue and Miyashiro (1951) reported that vesu-
vianites from nepheline syenites are characterized by
higher contents of Al and Ti and lower contents of
Ca and Mg than vesuvianites from metamorphosed
calcareous rocks. They reported ALO, contents of
approximately 18 and 19 weight percent for neph-
eline syenite vesuvianite; however, the Alaskan vesu-
vianite has only about 12 weight percent Al,O,. Simi-
larly, the metamict vesuvianite reported by
Kononova (1960) has an Al,O, content of 14.5 weight
percent.

The optical zonation of the vesuvianite shows a
corresponding chemical zonation. The innermost me-
tamict zone (zone 1, Table 3) is enriched in U, Th,
REE, and Mg and depleted in Al, Ti, Fe, and Ca rel-
ative to the outer non-metamict zone (zone 3, Table
3). Additional U and Th analyses were made on sev-
eral grains of vesuvianite in three samples. The meta-
mict vesuvianite grains showed a range of 0.61 to
0.84 weight percent UO, and 1.38 to 2.70 weight per-
cent ThO,; non-metamict vesuvianite is lower in UO,
and ThO,, with approximately 0.40 weight percent
UO, and 0.72 to 0.98 weight percent ThO,. Spot
analyses showed ThO, contents as high as 3.77
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weight percent. The vesuvianite from the USSR con-
tains 1.00 weight percent U,0; (0.96 percent UO,)
and 0.53 percent ThO,.

Allanite

Allanite was also analyzed, and a representative
analysis is given in Table 3. The mineral formula was
calculated anhydrous on the basis of 12.5 oxygens.
All iron was calculated as Fe®*, although a small
amount of the total iron is certainly Fe**, which
would adjust the calculated formula. The allanite
shows smaller amounts of UO, (0.29 to 0.40 weight
percent) relative to the coexisting vesuvianite al-
though ThO, contents are similar (0.77 to 1.30 weight
percent). An optically zoned allanite shows Th zon-
ing, the core having 0.77 weight percent, an inter-
mediate zone 1.38 weight percent, and the rim 2.00 to
2.88 weight percent ThO,. These UO, and ThO, con-
tents are relatively high for allanite but within the
range reported by Frondel et al. (1967 p. 50).

Petrogenesis of the vesuvianite-bearing syenite

Although the exposures are poor and consequently
interpretations are uncertain, the relation between
the vesuvianite-bearing syenite and the surrounding
syenite and monzonite of the Kachauik pluton ap-
pears to be gradational over a few centimeters. These
observations suggest that the vesuvianite-bearing
syenite is indeed a part of the enclosing syenite and
monzonite and not a later intrusive phase.

Most of the vesuvianite-bearing syenite contains
nepheline, whereas most of the surrounding mon-
zonite and syenite are silica-saturated rocks with rare
nepheline. Furthermore, nepheline and plagioclase
are mutually exclusive in vesuvianite-bearing syenite,
suggesting that nepheline may be a metasomatic
product resulting from alkali-exchange reactions that
converted plagioclase to perthite plus nepheline, as
proposed by Rao and Murthy (1974). Textural evi-
dence also suggests that the coarse vesuvianite was
among the last minerals to form, since it contains
abundant inclusions of all other minerals.

We therefore suggest that the vesuvianite and its
host rocks of syenite and nepheline syenite were
formed by metasomatic activity involving the in-
troduction of alkali elements, U, Th, Zr, and REE
into the syenite and monzonite of the Kachauik plu-
ton. Chemical zonation of the vesuvianite grains sug-
gests that the U, Th, and REE content of the metaso-
matic fluids decreased with time. Some allanite,
which also occurs in the surrounding syenite and
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monzonite, was probably a primary mineral; how-
ever, local concentrations of allanite suggest that
much of it was also introduced. The thorium-rich rim
on some allanite grains probably grew on primary
grains during metasomatism.

The metasomatic fluids may be related to the alka-
line pulaskite dikes which also contain nepheline and
occur in the immediate area of the vesuvianite-
bearing syenite. The dikes were emplaced along a
persistent N40°E joint system in the syenite and
monzonite. Since the occurrence of the vesuvianite-
bearing syenite boulders also appear to trend roughly
N40°E, either the metasomatic fluids could have per-
vaded the syenite and monzonite along an incipient
fracture system into which the pulaskite dikes were
later emplaced, or the metasomatism may have oc-
curred at the time of emplacement of the pulaskite
dikes.
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Abstract

Stereochemical and topological arguments are used to rationalize the metastable occur-
rence of mackinawite and marcasite in laboratory experiments. The dimeric species, (FeS),
and (FeS,),, are postulated as intermediates in the crystallization of mackinawite and marca-

site, respectively.

Introduction

The only stable binary solids in the Fe-S system
above 200°C and near ambient pressure are the pyr-
rhotites, Fe,_,S (including troilite, FeS) and pyrite,
FeS,. Several other phases, at least some of which are
metastable, occur widely at lower temperatures in
both natural and artificial environments (Ward,
1970; Power and Fine, 1976). Many workers have
studied the synthesis and interconversion of these
phases (e.g. Berner, 1962, 1964, 1967; Rickard, 1969;
Takeno et al., 1970; Rising, 1973; Taylor et al.,
1979a,b; Shoesmith ez al., 1980; Wikjord et al., 1980).
In this paper, stereochemical arguments are used to
postulate crystallization mechanisms for some iron
sulfides. Intermediates proposed in these mechanisms
may exist in solution, or they may occur only at sur-
faces. Similar concepts were first proposed by Bloom
(1939). This work was part of an investigation of cor-
rosion and deposition phenomena in Canadian Gird-
ler-Sulfide heavy-water production plants.

Discussion

Iron monosulfides—mackinawite, troilite, and cubic
FeS

A striking feature of the low-temperature forma-
tion of iron sulfides from aqueous solution is the fre-
quent occurrence of mackinawite. It is typically the
sole crystalline product of precipitation of ferrous
ions by H,S or its salts below 100°C, in the absence

! Issued as Atomic Energy of Canada Limited Report No.
AECL 6645.
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of oxidants (Berner, 1964, 1967; Rickard, 1969). It
also occurs widely in nature (e.g. Evans et al., 1964;
Schot et al., 1972) and as a corrosion product on iron
or carbon steel exposed to aqueous H,S (Berner,
1962, 1964; Takeno et al., 1970; Wikjord et al., 1980;
Shoesmith et al.,, 1980). Pyrrhotites are not readily
prepared from aqueous solution below 100°C, al-
though troilite does occur as a low-temperature cor-
rosion product (Takeno et al., 1970; Wikjord et al,
1980; Shoesmith et al., 1980). Cubic FeS is known
only as a corrosion product (Médicis, 1970a,b;
Takeno et al., 1970; Wikjord et al., 1980; Shoesmith
et al., 1980).

The sluggish nature of most phase transformations
in this system at low temperatures hinders the deter-
mination of equilibrium phase relations. One ex-
ception is the transformation of cubic FeS to mack-
inawite, which occurs spontaneously at room
temperature, demonstrating that cubic FeS is not a
stable phase (Médicis, 1970a,b; Takeno et al., 1970;
Shoesmith et al., 1980).

The upper limit of thermal stability of mackina-
wite is about 130°C; small amounts of Ni and Co in-
corporated in the structure tend to enhance its stabil-
ity (Takeno, 1965; Clark, 1966; Takeno and Clark,
1967). It is not known whether this limit reflects a
true thermodynamic stability field, or kinetic limits
on the transformation of a metastable phase.

Solubility studies (Berner, 1967; Tewari and
Campbell, 1976, Tewari et al., 1978) demonstrate
that solutions which are saturated with respect to H,S
and synthetic mackinawite at ambient temperature
and pressure are supersaturated with respect to troil-
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ite. However, since mackinawite usually has a
metal:sulfur ratio greater than 1.00, the possible ex-
istence of a low-temperature stability field is not
ruled out. Nonetheless, mackinawite is frequently
formed under conditions where it is metastable with
respect to troilite and/or more sulfur-rich sulfides.

Figure la shows the crystal structure of mackina-
wite (Berner, 1962; Taylor and Finger, 1971). Iron
atoms occupy every site in alternate layers of tetrahe-
dral interstices in a cubic close-packed (c.c.p.) sulfur
sub-lattice. The Fe-S bonding network consists of in-
terconnected Fe,S, rings, and Fe-Fe bonding also oc-
curs within the metal-atom layers. The Fe,S, rings,
and similar structural units discussed below, are not
discrete moieties, but they are recognizable elements
of the structural network.

Cubic FeS (Fig. 1b) is isostructural with sphalerite
(Médicis, 1970; Takeno et al., 1970), and differs from
mackinawite in the distribution of iron atoms, which
occupy one half of each layer of tetrahedral holes in
the c.c.p. sulfur sub-lattice. The close structural rela-
tionship between these phases accounts for the ease
of conversion of cubic FeS to mackinawite, cited
above. Cubic FeS contains Fe,S, but not Fe,S, rings,
and there are no Fe-Fe bonds.

The structure of troilite is derived from the NiAs
type. Both Fe and S are six-coordinate, and iron
atoms are drawn together into triangular clusters.
The topology of the structure is complex; both Fe,S,
and Fe,S, rings can be discerned (Fig. 2) (Evans,
1970).

The ease of precipitation of fine-grained (<1 pm)
mackinawite demonstrates that homogeneous nucle-
ation of this phase is facile. This nucleation presum-
ably proceeds by complexation of Fe** and SH™ (1),

Fig. 1. (a) Projection of four unit cells of the crystal structure of
mackinawite down the ¢ axis. Large open and small closed circles
represent S and Fe atoms, respectively; this convention is used in
all figures. Dashed lines delineate Fe-Fe interactions. (b)
Projection of the crystal structure of cubic FeS down the a axis.
Broken bonds proceed to Fe atoms above and S atoms below
those shown.
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Fig. 2. Part of the crystal structure of troilite, showing the
environment of one Fe; cluster. Interactions with neighboring Fe;
clusters are omitted. The solid bonds delineate an Fe;S; ring
which may be a precursor to troilite crystallization. Dashed lines
show Fe-Fe interactions.

and subsequent polymerization of FeSH* with elimi-
nation of protons and water of solvation. A similar
mechanism has been proposed for the growth of thio-
ferrite salts from aqueous solution (Taylor and Shoe-
smith, 1978). Few SH™ complexes of transition met-
als are known, but CrSH** has been reported
(Ramasami and Sykes, 1976). If the initial polymeri-
zation step is a dimerization (2), then further associa-
tion of the dimer is readily envisaged to lead to the
layer structure of mackinawite by a simple tessella-
tion, with formation of additional bonds.

Fe** + SH —— FeSH" M
2FeSH*— Fe,S, + 2H* 2
nFe,S, — > mackinawite 3

Although Fe,S, rings are also present in the troilite
structure, the greater complexity of their inter-
connection may account for the evident difficulty of
troilite nucleation. Analogous situations, in which
phases with high coordination numbers and complex
structural networks are more difficult to crystallize
than metastable polymorphs with simpler structural
networks, are common, e.g., GeO, (Rochow, 1973, p.
26), NaFeO, (Okamoto, 1968).

When troilite occurs as a corrosion product on iron
or carbon steel in aqueous H,S at low temperatures,
it appears to arise from high local iron concentrations
at the corroding surface (Shoesmith er al., 1980). A
trimeric precursor, Fe,S,, may be involved in its nu-
cleation.

The absence of close Fe-Fe contacts in cubic FeS
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probably results in a low activation energy for its nu-
cleation, but its low stability confines its occurrence
to conditions of high supersaturation and short reac-
tion times. Like troilite, its formation as a corrosion
product is associated with high local supersaturation.
There is evidence for competition between these two
phases as sinks for dissolved iron at corroding sur-
faces (Shoesmith ez al., 1980).

Iron disulfides—pyrite and marcasite

Both pyrite and marcasite have compositions very
close to FeS, . Buerger (1934) suggested that an ap-
parent slight sulfur-deficiency of marcasite (ca.
FeS, 4s5) might be related to its mechanism of forma-
tion. However, Kullerud and Yoder (1959) con-
cluded that the two phases are true dimorphs of
FeS, . Although the possible occurrence of a low-
temperature stability field for marcasite cannot be
completely ruled out, there is evidence that it is often
formed under conditions where it is metastable with
respect to pyrite. It may well be metastable under all
conditions (Rising, 1973).

Recent work by Shoesmith ez al. (1979), Taylor et
al. (1979b), and Wikjord et al. (1980) showed that py-
rite is the sole ultimate product of reaction of aque-
ous H,S with iron, carbon steel, troilite, or mackina-
wite at 100-160°C, in the absence of oxidants other
than H,S. However, in the presence of oxygen or sul-
fur, or under the application of an anodic current at
the crystallization site, marcasite is formed in addi-
tion to pyrite. Formation of a metastable phase un-
der these enhanced oxidizing conditions is not unex-
pected. These observations are consistent with the
literature, as reviewed by Rising (1973).

Both the pyrite and marcasite crystal structures are
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three-dimensional networks of inter-linked Fe and S,
moieties (Brostigen and Kjekshus, 1969; Brostigen et
al., 1973 and references therein). In each structure,
iron has approximate octahedral coordination by sul-
fur, and sulfur has a distorted tetrahedral coordina-
tion by three iron atoms and the second sulfur atom
of the S, unit. The two structures differ in their net-
work geometries, and can be described in terms of
fused Fe-S ring systems (Rising, 1973).

The pyrite structure consists entirely of Fe,S, rings,
I (Figs. 3a and 4), whereas marcasite contains Fe,S,
and Fe,S, rings, II and III (Figs. 3b and 4) as well.
There is no significant Fe-Fe bonding in either struc-
ture. Clearly, a crystallization mechanism which fa-
vors the formation of rings II or III will favor forma-
tion of marcasite rather than pyrite, as outlined by
equations (4) to (6).

Fe* + 83— *Fe-S-S§~ C))
2*Fe-S-S™ — H or II1 )
n(II or III) — marcasite ©6)

Although (FeS,), could have any of the structures
I to IIL, III is most likely on the basis of the struc-
tural chemistry of related species. Six-membered
polysulfide rings are known in (NH,),Pt(S;);2H,0
(Jones and Katz, 1967) and (#-C,H,),TiS; (Koepf et
al., 1968). Units of the type R-S-S-R are generally
more stable than R, S=S, with the exception of S,F,
(Schmidt and Siebert, 1973, p. 843-844). An example
of a solution species containing an M-S-S-M link-
age, [Cr-S-S-Cr]**, has recently been reported
(Ramasami et al., 1976). If III has a chair configura-
tion, as do the rings in the compounds mentioned
above and in S; (Donohue et al., 1961), then a simple

Fig. 3. (a) Part of the crystal structure of pyrite, viewed in projection down the @ axis, showing the system of fused Fe,S, rings. Bonds
nearly vertical to the projection are omitted for clarity. The dashed lines delineate the unit cell. (b) Part of the crystal structure of
marcasite, viewed in projection down the a axis, showing the system of fused Fe,$, and Fe,S, rings. Some bonds are omitted for clarity,
as in Fig. 3a. The dashed lines delineate the unit cell; 5- and c-axis projections closely resemble Fig. 3a.
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Fig. 4. Possible structures for an (FeS;), dimer.

three-dimensional tessellation of such units leads di-
rectly to the marcasite structure (Fig. 3b). This in-
volves the formation of additional Fe-S bonds, but
no further rearrangement of the structural net.

High concentrations of S;~ would favor the reac-
tion sequence (4) to (6), although not necessarily to
the exclusion of pyrite precipitation. This is consis-
tent with the observations that oxidizing conditions,
which favor polysulfide generation, also favor marca-
site formation. It is noted that the equilibrium con-
centration of S~ in the system H,S-S-H,O is ex-
tremely low at pH = 4 (Giggenbach, 1972; Teder,
1971). However, the same structural arguments apply
if the S, moiety is generated only as a surface species
at the crystallization site, or if FeS, monomer is pro-
duced by an alternative route.

Unfortunately, iron sulfide formation is not ame-
nable to most probes which might test the hypotheses
put forward here. Some relevant information might
be obtained from a matrix isolation spectroscopic
study of the reactions of Fe atoms with S atoms and
S, molecules, or from the chemistry of other systems
in which similar polymorphism occurs.
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Abstract

Pressure estimates obtained by the application of sphalerite geobarometry to the ore from
Bodenmais, Bavaria, vary within single specimens and are strongly dependent on the mineral
assemblage with which sphalerite coexists. The pressure estimated for sphalerite coexisting
with pyrite and pyrrhotite ranges from 2.1 to 2.9 kbar, in agreement with the pressure of
metamorphism estimated by Blimel and Schreyer (1977) from the silicate mineral assem-
blage. Evidence, however, that sphalerite equilibrated at temperatures below the temperature
of metamorphism at Bodenmais (650°~700°C) is demonstrated by (1) depletion of FeS in
sphalerite at its contact with monoclinic pyrrhotite; (2) the large variation in the iron content
of sphalerite with exsolved chalcopyrite over a scale of tens of micrometers within individual
crystals even for sphalerite coexisting with pyrite and pyrrhotite, yielding pressure estimates
between 2 and 7 kbar; (3) the low Cu content of sphalerite (0.0-0.4 wt. percent) and the low
Zn content of chalcopyrite (0.08-0.16 wt. percent) in the assemblage pyrrhotite-pyrite-sphal-
erite—chalcopyrite. These features are indicative of equilibration at temperatures below
250°C. The sphalerite geobarometer may not yield reliable pressure estimates for ores that
underwent low-temperature reactions, or for Cu-bearing zinc sulfide ores. Attempts to apply
the sphalerite geobarometer, however, provide valuable insights on post-metamorphic low-

temperature equilibration in these ores.

Introduction

Sphalerite is one of the refractory sulfide minerals
(Barton, 1970) that tend to preserve the chemical
equilibrium achieved at the time of their formation
or metamorphism. The theoretical principles of
sphalerite geobarometry were first proposed by Bar-
ton and Toulmin (1966). Scott (1973) and Scott and
Barnes (1971) calibrated the sphalerite geobarometer
experimentally. Hutcheon (1978) calculated the P-
T-X relations for the univariant assemblage sphaler-
ite—pyrite—pyrrhotite and found that the calculated
isobars are in agreement with the experimental data
of Scott (1973).

The sphalerite geobarometer has been widely ap-
plied by various investigators (e.g., Campbell and
Ethier, 1974; Grove et al., 1975; Lusk et al., 1975;
Scott, 1976; Scott et al., 1977; Brown et al., 1978; Rai,
1978) to estimate pressures for metamorphosed sul-
fide ores.

The present investigation represents an evaluation
of sphalerite geobarometry in Bodenmais ore. The
ore seems most suitable for such study because the
assemblage sphalerite—pyrite—pyrrhotite required for

0003-004X/80/0910-1031$02.00

sphalerite geobarometry is well preserved in the ore,
earlier studies by Schreyer et al. (1964) suggest that
the equilibrium composition of sphalerite has been
preserved, and independent estimates of pressure and
temperature of metamorphism at Bodenmais are
available from a study of the silicate mineral assem-
blages (Bliimel and Schreyer, 1977).

Geological setting

The sulfide ores at Bodenmais, Bavaria, form an
elongated mass in highly metamorphosed migmatitic
cordierite-sillimanite gneisses. The ore extends over
at least 750 m parallel to the strike of the gneissosity
of its country rocks (Schreyer et al., 1964). The
gneisses show numerous veinlets and schlieren of
granitoid and pegmatoid materials, particularly in di-
rect contacts with the ore. The regional metamor-
phism and its associated migmatization took place in
early Hercynian times (Davis and Schreyer, 1962),
and both ore and country rock now exposed at the
surface seem to have endured essentially identical
metamorphic conditions (Schreyer et al., 1964).

A recent study of the pelitic and psammitic
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gneisses in the Lam-Bodenmais area by Bliimel and
Schreyer (1977) delineated two major metamorphic
zones: a sillimanite-K-feldspar zone with coexisting
biotite + sillimanite (+ K-feldspar + quartz) and a
cordierite-K-feldspar zone with coexisting biotite +
cordieritexsillimanite (+ K-feldspar + quartz). The
two metamorphic zones are related to each other by
the multivariant reaction:

biotite + sillimanite + quartz
— cordierite + K-feldspar + H,O

The temperature and pressure of metamorphism that
formed the cordierite—K-feldspar zone were esti-
mated by Blimel and Schreyer (1977) as 650°-700°C
and 2-3 kbar, assuming water pressure to be equal to
total pressure.

The origin of the sulfide ores at Bodenmais is still
controversial; a summary of the various hypotheses
was given by Schreyer et al. (1964). A contact meta-
morphic origin was proposed by Hegemann and
Maucher (1933). Fischer (1938) suggested that the
ore formed by preferential mobilization from the
gneisses during regional metamorphism. Schrocke
(1955) concluded, on the basis of petrological and
structural studies, that the ore formed earlier than the
regional metamorphic episode. Schreyer ef al. (1964)
objected to a contact metamorphic origin because of
the lack of discordant late granite in contact or even
in the vicinity of the ore. They noted, however, that
the mineral assemblages show similarities to those of
certain metamorphic ore deposits in the Fennoscan-
dian shield that are generally known as Mg-rich
skarn deposits.
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Methods of study

The ore specimens were studied in both reflected
and transmitted light. Electron microprobe analyses
of sulfides were performed using an automated
MAC-500 electron microprobe. Synthetic sphalerite,
pyrrhotite of different compositions, and pure Cd,
Mn, and Cu were used as standards. Data reduction
was performed with the computer program Magic IV
(Colby, 1971). For distinction between monoclinic
and hexagonal pyrrhotite, both etching and X-ray
diffraction were used.

Mineralogy

The samples were collected from a massive sulfide-
rich ore from Barbarastollen, Silberberg, Bodenmais.
The ore is composed mainly of sphalerite, pyrite,
pyrrhotite, and chalcopyrite. Sphalerite occurs as
large crystals that may reach 1 cm. Where coexisting
with pyrite and pyrrhotite, the three-phase assem-
blage forms interlocking crystal aggregates in mutual
contact. In many instances, sphalerite coexists with
either pyrrhotite (Fig. 1a) or pyrite. The iron sulfides
occasionally display intergrowths of sphalerite and
anhedral inclusions of galena. Chalcopyrite is abun-
dant in some specimens as large discrete crystals that
may enclose small crystals of sphalerite. Chalcopyrite
exsolutions in sphalerite are rare. Optical examina-
tion of pyrrhotite in reflected light reveals no inter-
growths. However, on etching with 50 percent HI by
the technique of Schwarcz and Harris (1970), mono-
clinic pyrrhotite was found to coexist with hexagonal
pyrrhotite in many specimens. In addition to its oc-

4 i, el

Fig. 1. (a) Large crystal of sphalerite in mutual contact with pyrrhotite. Bar = 1 mm; reflected light; oil immersion. (b) Pyrrhotite in
contact with sphalerite, pyrite, and silicates etched with 50% HI. Note rims of unetched monoclinic pyrrhotite at contact with sphalerite,
pyrite, and silicate and formation of monoclinic pyrrhotite along cracks. Bar = 1 mm; refiected light.
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currence as discrete grains, monoclinic pyrrhotite is
commonly observed as rims on hexagonal pyrrhotite,
as thin veinlets along cracks, and as irregular do-
mains within hexagonal pyrrhotite crystals (Fig. 1b).
The rims of monoclinic pyrrhotite are well devel-
oped, particularly in pyrrhotite that coexists with
sphalerite and pyrite as well as in pyrrhotite in con-
tact with silicate minerals. In individual sphalerite
crystals, rims in contact with monoclinic pyrrhotite
are more translucent and show internal reflections
that are lighter in color relative to the cores, due to
variation in the iron content of sphalerite from rim to
core. Pyrrhotite occasionally shows alteration to ag-
gregates of pyrite, marcasite, or both. Magnetite is a
rare mineral in some specimens, where it occurs in
association with silicate minerals or pyrrhotite, but
not with sphalerite. In all sulfide-rich specimens, the
ore forms a matrix enclosing large granoblastic crys-
tals of silicate minerals such as cordierite, K-feldspar,
plagioclase, quartz, and biotite. Offshoots of pyrrho-
tite or pyrite are occasionally observed transecting
the silicate minerals or following the cleavage planes
in biotite.

Mineral chemistry

The average mole percent FeS in sphalerite co-
existing with both pyrrhotite and pyrite varies from
one sample to another, but lies within a narrow range
of 15.8-16.5 (Table 1; Fig. 2). Within individual sam-
ples, the FeS content of sphalerite associated with
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pyrrhotite and pyrite varies from grain to grain and
within individual grains as well. However, sphalerite
in individual samples is essentially homogeneous
(standard deviations in mole percent FeS are be-
tween 0.39 and 0.53). Sphalerite crystals in the imme-
diate vicinity of monoclinic pyrrhotite showed a
lower iron content at the rims relative to the cores
(12-13 mole percent FeS at the rims vs. 15.5-16.5
mole percent FeS at the cores). This observation is
true whether the sphalerite occurs in association with
pyrrhotite alone or with pyrrhotite and pyrite.

Sphalerite in contact with either pyrite or pyrrho-
tite shows a slightly lower FeS content than sphaler-
ite coexisting with both iron sulfides. The mole per-
cent FeS in sphalerite coexisting with pyrite ranges
between 15.5 and 16.0, whereas that in sphalerite
coexisting with pyrrhotite ranges between 15.4 and
16.3.

Sphalerite with exsolved chalcopyrite shows a wide
range in FeS content. A large crystal of sphalerite
displaying exsolutions of chalcopyrite and showing
mutual contacts with pyrrhotite and pyrite was ana-
lyzed. Fifteen analyses performed on this crystal
show that it is inhomogeneous, having a mole per-
cent FeS in the range 12.0 to 17.2, with an average of
14.6. This heterogeneity is real and cannot be attrib-
uted to sampling some of the chalcopyrite ex-
solutions during the analyses, because the concentra-
tion of copper in the fifteen sphalerite analyses is low,
ranging between 0.03 and 0.38 wt. percent. Another

Table 1. Estimated pressures from sphalerite in different mineral assemblages in Silberberg ore, Bodenmais

Mole 7% FeS in sphalerite

Sample No. Assemblage* P, kbar*#* P, kbart
Range Average
68919 sp, py, mpo, hpo 15.35-17.2 16.31 (0.48)f+ 25 3 1.7
sp, DY 15.5-15.98 15.42 (0.60) 3.4 2.7
Bog sp, py, mpo, hpo 15.85-16.99 16.65 (0.31) 2.1 1.4
Boj sp, Py, mpo, (hpo) 14.92-16.67 15.80 (0.53) 2. 9! 2.1
sp, mpo, (hpo) 14.97-15.95 15.44 (0.36) 3.5 4.7
Boy sp, cp 9.63-14.41 13.49 (1.22) 6.1 5.6
Bog sp, Py, hpo, (mpo) 15.72-16.93 16.55 (0.39) 2.2 1.6
sp, py, cp, hpo, (mpo) 12.00-17.20 14.57 (1.50) 4.8 4.0
sp, hpo, mpo 15.72-16.53 16.2 (0.34) 2.4 1.8
Boyq sp, mpo, (hpo) 14.93-16.26 15.35 (0.35) 315 2.8
*aAbbreviations: sp, sphalerite; py, pyrite; hpc, hexagonal pyrrhotite; mpo, monoclinic pyrrhotite;

parentheses indicate minor amounts.

**Pressure estimates from the experimentally determined isobars of Scott (1973, 1976).

tPressure estimates from the calculated isobars
ttStandard deviations.

of Hutcheon (1978).
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Fig. 2. Frequency distribution of mole percent FeS in sphalerite from different mineral assemblages.

large sphalerite crystal, totally surrounded by chal-
copyrite and containing chalcopyrite exsolutions, was
also analyzed. Pyrrhotite is present a few millimeters
from the sphalerite—chalcopyrite assemblage, in di-
rect contact with chalcopyrite but not with sphalerite.
The molé percent FeS in the sphalerite crystal ranges
between 9.63 and 14.4, with an average of 13.49 for
14 analyses. The Cu content of the analyzed sphaler-
ite is in the range 0.09 to 9.32 wt. percent.

In all analyzed samples, sphalerite contains minor
amounts of MnS and CdS in solid solution. The larg-
est MnS content of sphalerite is 1.8 mole percent,
whereas the CdS content does not exceed 0.3 mole
percent. Representative microprobe analyses of
sphalerite are given in Table 2.

The pyrrhotite composition ranges between 46.9
and 48.0 atom percent Fe. In specimens with small
amounts of monoclinic pyrrhotite, the hexagonal
phase shows little variation in composition, with
standard deviations of the order of 0.2 atom percent

Fe. In specimens where monoclinic pyrrhotite is
abundant, the range for pyrrhotite composition re-
ported above can be observed in a single polished
section. Representative microprobe analyses of pyr-
rhotite are given in Table 3.

Sphalerite geobarometry

The mole percent FeS in sphalerite coexisting with
pyrite and pyrrhotite was used to estimate the pres-
sures from the experimentally determined isobars of
Scott (1973, 1976) and from the calculated isobars of
Hutcheon (1978) (Table 1). Pressures were also esti-
mated for sphalerite coexisting with either pyrrhotite
or pyrite alone and for sphalerite in chalcopyrite-
bearing assemblages.

The temperature of metamorphism at Bodenmais
was estimated by Bliimel and Schreyer (1977) to be
in the range 650°-700°C. The temperature estimate
was based on the observation that the first products
of anatexis at Bodenmais are found in the higher-
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grade part of the sillimanite-K-feldspar zone, in
which the assemblage muscovite-quartz is unstable.
Therefore, the cordierite-producing reaction biotite
+ sillimanite + quartz — biotite + cordierite + K-
feldspar + H,O must lie below the intersection at
656°C and 3.6 kbar of the curve for the reaction
muscovite + quartz — K-feldspar + ALSiO; + H,O
and the melting curve of granite. The metamorphic
gradient must lie slightly above the point of inter-
section at 610°C and 2.25 kbar of the muscovite +
quartz — K-feldspar + ALSiO; + H,O reaction
curve and the andalusite 2 sillimanite equilibrium.
An upper temperature limit of 700°C was inferred
from the reaction phlogopite + sillimanite + quartz
— Mg-cordierite + K-feldspar + H,O, which occurs
at 5 kbar and 700°C but is expected to shift to lower
pressures in iron-bearing rocks. A metamorphic tem-
perature of 650°C was selected for sphalerite geo-
barometry. Although a change in temperature of
50°C may not always be crucial when considering
silicate mineral equilibria, it is very significant in the
case of the sphalerite geobarometer because there is a
large change in the slope of the experimentally deter-
mined isobars in the temperature range 650°-700°C.
If the upper temperature limit of 700°C is taken as
the temperature of metamorphism, sphalerite compo-
sitions in the assemblage sphalerite-pyrrhotite-pyrite
will fall outside the field for this ternary assemblage
and plot in the pyrrhotite-sphalerite field. The pres-
sure at 700°C will be =1.4 kbar lower than that esti-
mated at 650°C.

The pressures estimated from the data of Scott
(1973, 1976) for sphalerite coexisting with pyrite and
pyrrhotite are in the range 2.1-2.9 kbar, in agreement
with the 2-3 kbar pressure of metamorphism deter-
mined by Bliimel and Schreyer (1977) from the sili-
cate mineral assemblages. The maximum pressure es-
timated for sphalerite coexisting with pyrite is 3.4
kbar, whereas the minimum determined for sphaler-
ite coexisting with pyrrhotite is 2.4 kbar.

The average mole percent FeS of sphalerite associ-
ated with chalcopyrite and pyrrhotite but not in di-
rect contact with the latter yields a pressure of 6.1
kbar. The wide range in mole percent FeS for such
sphalerite, however, corresponds to a pressure range
of 5 to ~10 kbar. Similarly, the pressures determined
for chalcopyrite-bearing sphalerite that coexists with
pyrite and pyrrhotite range between 2 and 7.1 kbar,
with an average of 4.7 kbar.

Pressures estimated from the calculated isobars of
Hutcheon (1978) are somewhat lower than those esti-
mated from the experimental data of Scott (1973,
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Table 2. Representative electron microprobe analyses of sphalerite

1x 2%% 3} Lt 5

Mn 0.67 0.89 0.41 0.11
Fe 9.75 8.91 8.68 7.98 5.71
Cu 0.01 0.01 0.05 0.16 0.32
Zn 55.96 55.72 56.13 57.16 60.34
cd 0.24 0.38 0.26 0.47 0.31
S 33.93 34.27 34.30 33.94 _34.04
100.57 100.20 99.83 99.81 100.84

*Sphalerite coexisting with pyrrhotite and pyrite.
**Sphalerite coexisting with pyrrhotite.
tSphalerite coexisting with pyrite.

ttSphalerite with chalcopyrite exsolutions.

1976); however, the two pressure estimates are in rea-
sonable agreement.

Discussion

The application of sphalerite geobarometry to the
ores from Bodenmais shows that the pressure esti-
mates vary in single specimens and are dependent on
the mineral assemblage with which sphalerite coex-
ists, particularly the presence of exsolved chalcopy-
rite in sphalerite and its association with monoclinic
pyrrhotite. Two observations suggest that the equilib-
rium composition of sphalerite attained during meta-
morphism was not preserved during the post-meta-
morphic history of the Bodenmais ore: (1) the
depletion of sphalerite in FeS where it coexists with
monoclinic pyrrhotite; (2) the large variation in the
iron content of sphalerite in chalcopyrite-bearing as-
semblages, even within individual crystals.

During cooling of an assemblage of sphalerite,
hexagonal pyrrhotite, and pyrite, monoclinic pyrrho-
tite forms at a temperature of 254°C. The formation
of monoclinic pyrrhotite implies an increase of f{S.).
Because a(FeS) is inversely proportional to f{S.), the
iron content of sphalerite equilibrating with mono-
clinic pyrrhotite is expected to be lower than that of
sphalerite in equilibrium with hexagonal pyrrhotite,

Table 3. Representative electron microprobe analyses of iron and
copper sulfides

Chalco-
Pyrrhotite N Pyrite pyrite

1 2 3 4 5
Mn 0.01 0.07 0.02 0.06 0.01
Fe 61.66 61.18 60.57 46.38 31.43
Cu 0.01 0.01 0.10 0.04 32.95
Zn 0.0L 0.01 0.01 0.01 0.16
S 37.85 38.78 39.19 53.38 34.89
99,90 100.04 99.89 99.86 99.48
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as has been demonstrated experimentally (Scott and
Kissin, 1973) and observed in other ores (e.g., Grove
et al., 1975; Ethier et al., 1976).

The large variation in FeS content of sphalerite-
containing chalcopyrite exsolutions at Bodenmais
was recently observed in other ores, e.g., in Balmat-
Edwards ore, New York (Brown ef al., 1978), and at
Ducktown, Tennessee (Barton, personal communica-
tion, 1978). The addition of Cu to the system Zn-Fe-
S is likely to affect sphalerite geobarometry because
the solubility of FeS and CuS in sphalerite is depen-
dent on the Fe:Cu ratio, temperature, and f{S,)
(Wiggins and Craig, 1975). Hutchison and Scott
(1978), however, found experimentally that Cu does
not affect the geobarometer over its temperature-
independent range and attributed the inhomogeneity
in the FeS content of sphalerite to extensive ex-
solution of chalcopyrite. They interpreted the anom-
alous FeS content of chalcopyrite-bearing sphalerite
as an indication of high temperature, former pyrrho-
tite-sphalerite equilibria, or disequilibrium assem-
blages (Hutchison and Scott, 1978). At Bodenmais,
chalcopyrite-bearing sphalerite in mutual contacts
with pyrrhotite and pyrite is compositionally in-
homogeneous—a feature that cannot be attributed to
exsolution of chalcopyrite alone (Hutchison and
Scott, 1978). The exsolved phase in sphalerite from
Bodenmais is always chalcopyrite, and no other Fe-
Cu sulfides were observed in this ore. At the temper-
ature of metamorphism at Bodenmais, chalcopyrite
would be represented by a more-iron-rich inter-
mediate solid solution (I,) (Barton, 1973; Cabri,
1973). Hutchison and Scott noted that in the temper-
ature range 600°-350°C and at 5 kbar sphalerite in
equilibrium with pyrrhotite, pyrite, and I, contains
0.0-0.4 wt. percent Cu in solid solution. The I is un-
stable below 350°C, and chalcopyrite containing
about 0.4 wt. percent Zn coexists with sphalerite,
pyrrhotite, and pyrite. In the assemblage chalcopy-
rite-sphalerite-pyrrhotite-pyrite at Bodenmais,
sphalerite contains 0.03-0.4 wt. percent Cu, while the
coexisting chalcopyrite contains 0.08-0.16 wt. per-
cent Zn in solid solution. The presence of chalcopy-
rite as the only exsolved Cu-Fe sulfide, its low Zn
content, and the low Cu content of sphalerite suggest
that the assemblage chalcopyrite-pyrrhotite—pyrite—
sphalerite at Bodenmais equilibrated to temperatures
below 350°C. In this assemblage the pyrrhotite that
occurs as veinlets in sphalerite or at the immediate
contact with sphalerite crystals is monoclinic. The
presence of monoclinic pyrrhotite extends the limits
of low-temperature equilibration of this assemblage

BOCTOR: SPHALERITE GEOBAROMETRY

to below 250°C. It also suggests that reaction with
the monoclinic pyrrhotite is at least partly respon-
sible for the inhomogeneity observed in these sphal-
erites.

The iron content of sphalerite coexisting with ei-
ther pyrrhotite or pyrite is essentially similar to or
slightly lower than that of sphalerite in the univariant
assemblage sphalerite-pyrite-pyrrhotite. Under equi-
librium conditions sphalerite in equilibrium with
pyrrhotite alone or pyrite alone should have higher
or lower iron contents, respectively, than sphalerite
in equilibrium with both minerals. Scott (1976) ob-
served that in many metamorphic terrains the equi-
librium composition of sphalerite coexisting with
iron-sulfide assemblages varies over a few meters or
even a few centimeters. He concluded that in the ab-
sence of a fluid phase, the equilibrium domains of
iron and sulfur are very small relative to the size of
the ore body, and therefore several local equilibria
are established in which the composition of sphaler-
ite is buffered by the iron sulfide that occurs in its im-
mediate vicinity. At Bodenmais, migmatization and
the presence of hydrous phases strongly suggest that
the P(H,0) was high during metamorphism. It is
therefore possible that sulfur was mobile in the pres-
ence of a fluid phase and that the f{S,) varied within
narrow ranges during the metamorphism of Silber-
berg ore; these factors would account for the similar-
ity in composition of sphalerite coexisting with pyrite
or pyrrhotite or both.

A different interpretation, however, was given by
Barton and Skinner (1979) for the slightly lower iron
content observed in sphalerite coexisting with pyr-
rhotite relative to sphalerite associated with pyrite
and pyrrhotite in ores that underwent slow cooling,
such as the Sullivan ore, British Columbia (Ethier et
al., 1976), and the Sulitjelma ore, Norway (Rai,
1978). Barton and Skinner interpreted this observa-
tion as an indication of metastability, which they at-
tributed to the reluctance of pyrite to nucleate at low
temperatures even under conditions of pyrite super-
saturation. They suggested that the low FeS content
of sphalerite in equilibrium with pyrrhotite relative
to that in the three-phase assemblage pyrite-pyrrho-
tite-sphalerite can be explained by assuming that the
composition of sphalerite can still be adjusted by re-
action with pyrrhotite under conditions in which py-
rite can no longer nucleate, although it may continue
to grow on previously existing nuclei. Under such
conditions the assemblage pyrite-pyrrhotite—sphaler-
ite remains close to the equilibrium condition on
cooling, whereas a pyrite-free assemblage undergoes
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reaction, yielding a metastable assemblage of mono-
clinic pyrrhotite and FeS-depleted sphalerite (and
possibly marcasite). In Bodenmais ore, monoclinic
pyrrhotite commonly occurs in association with both
hexagonal pyrrhotite and pyrite, and this association
suggests that it is a metastable phase. The common
occurrence of monoclinic pyrrhotite at the interface
between hexagonal pyrrhotite and sphalerite and the
depletion of sphalerite in the immediate vicinity of
monoclinic pyrrhotite suggest that the reaction pos-
tulated by Barton and Skinner (1979) between hex-
agonal pyrrhotite and sphalerite apparently took
place but did not proceed to completion.

In conclusion, the application of sphalerite geo-
barometry may not be a reliable method for estimat-
ing pressure in ores that underwent low-temperature
reactions, or in Cu-bearing zinc¢ sulfide areas. How-
ever, attempts to apply sphalerite geobarometry pro-
vide valuable insights on the post-metamorphic low-
temperature equilibration in these ores.
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Spinodal decomposition in a titanomagnetite
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Abstract

An optically homogeneous titanomagnetite from a dacite lava, containing 40 percent ul-
vospinel, has been examined by transmission electron microscopy. A modulated structure is
developed parallel to the {100} planes, with an average wavelength of 165A. Electron diffrac-
tion patterns correspond to a single lattice, with pairs of satellite reflections convoluted about
each reciprocal lattice point, parallel to the cube axes. The microstructure is consistent with
exsolution having taken place by the mechanism of spinodal decomposition. The coherent
spinodal temperature for this composition is calculated to be 95°C below the solvus temper-
ature, at about 505°C. Application of interdiffusion data indicates a timescale for the trans-
formation of the order of 4 hours.

Two possible implications for palaeomagnetism are: spinodal decomposition may increase
the time-stability of the thermoremanent magnetization (TRM) carried by a titanomagnetite,
and it may also be responsible for the partial self-reversal of TRM that has previously been

reported in titanomagnetites of similar composition.

Introduction

It has been recognized for some time that a mis-
cibility gap in the solid solution series magnetite
(Fe,0,)-ulvospinel (Fe,TiO,) leads to the develop-
ment of exsolution intergrowths in titanomagnetites
of intermediate composition. The resulting textures
have been well documented in the literature; useful
reviews have been presented by Ramdohr (1953) and
Haggerty (1976). Exsolution takes place on the spinel
{100} planes, giving rise to a characteristic cloth tex-
ture, the exact appearance depending on the relative
proportions of the coexisting phases.

Members of the titanomagnetite series are of great
importance in palacomagnetic studies as they pro-
vide the principal carrier of thermoremanent mag-
netization (TRM) in most igneous rocks. A problem
that has attracted considerable attention recently is
the high stability of the TRM of many rocks, which
requires the titanomagnetite to possess single mag-
netic domain properties. This may be due either to
the presence of sub-micron titanomagnetite grains,
small enough to exist as single magnetic domains, or
to the subdivision of larger grains by means of inter-
growth structures. The potential of exsolution inter-
growths for imparting high magnetic stability to ti-
tanomagnetites has been demonstrated by Evans and
0003-004X/80/0910-1038$02.00

Wayman (1974). An understanding of the relevance
of this process to various rock types requires knowl-
edge of the conditions under which the intergrowths
may form. It is also important to determine the
mechanism(s) by which the intergrowths form, as this
controls their morphology. Knowledge of exsolution
mechanisms in this system also has potential as an
indicator of cooling rates (Price, 1979).

Mel'nikov and Khisina (1976) suggested from the
morphology of an exsolved titanomagnetite that the
intergrowths may form by spinodal decomposition.
In this exsolution mechanism there is no nucleation
event; phase separation proceeds by the gradual
growth of sinusoidal fluctuations in composition
(Cahn, 1968). These compositional waves may ulti-
mately coarsen to give rise to distinct interfaces be-
tween two phases, but in the initial stages of decom-
position no interfaces are created. The structure
described by Mel’nikov and Khisina consisted of a
periodic array of magnetite-rich cubes in an ulvospi-
nel-rich matrix, the spacing of the precipitates being
about 425A. Although this texture is indeed very
similar to that produced by coarsening of spinodally-
decomposed metal alloys, it does not prove that spin-
odal decomposition has taken place, as a similar
structure could form by homogeneous nucleation.

The present contribution describes an electron mi-
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croscopic study of a titanomagnetite with a modula-
ted texture that has not coarsened into a two-phase
structure. The results provide a strong indication that
spinodal decomposition does occur in this system.

Specimen description and experimental procedure

The material examined was titanomagnetite con-
tained in a banded andesite-dacite lava from the SE
flank of Mt. Hakone, Japan (sample 15383, Man-
chester University collection). The titanomagnetite
occurs as phenocrysts up to 1 mm across, the typical
size being about 200 um, and appears homogeneous
under the reflected light microscope. Analysis with
the electron microscope microanalyzer EMMA-4 gave
an ulvospinel content of 40+2 percent, assuming ti-
tanomagnetite stoichiometry. Coexisting ilmenite
phenocrysts were found to have a hematite content of
9.2+1 percent. Both phases contain a trace of manga-
nese, amounting to less than 1 weight percent MnO.
Application of the Buddington and Lindsley (1964)
geothermometer—oxygen geobarometer gives equili-
bration conditions of T = 990°C and log f,, = —11.0
for this pair of compositions.

Samples were thinned by ion-beam bombardment,
and examined in Philips EM301 and JEOL JEM 100B
electron microscopes operating at 100 kV.

Observations

In the electron microscope the titanomagnetite dis-
plays a fine-scale modulated texture on the {100}
cube planes. This texture is best illustrated in micro-
graphs taken with the electron beam axis parallel to a
fourfold symmetry axis, say [001], in which case
modulations are seen parallel to the traces of the
(100) and (010) planes (Fig. 1). This modulated tex-
ture was developed uniformly throughout 3 ion-
thinned grains which were examined. The average
wavelength of the modulations as estimated from the
micrographs is ~150A.

Electron diffraction patterns in the [001] orienta-
tion were recorded, initially using a relatively small
diffraction constant (~20A mm) in order to include
the whole of the zero-order Laue zone. Under these
conditions the diffraction pattern corresponds to a
single cubic phase with absences appropriate to
spinel space-group symmetry (Fd3m), and slight
streaking of reflections is observed parallel to the a*
and b* reciprocal lattice directions (Fig. 2). When the
same pattern is recorded using a somewhat greater
camera length (diffraction constant ~60A mm), two
pairs of satellite reflections are resolved about each
reflection, parallel to a* and b* (inset, Fig. 2). The
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Fig. 1. Bright-field micrograph showing the modulated texture
developed parallel to the {100} planes of the titanomagnetite.
Beam axis parallel to [001].

presence of satellite reflections convoluted about a
single reciprocal lattice point is a characteristic fea-
ture of spinodally-decomposed materials, the satel-
lites resulting from the periodicity of the composi-
tional waves. In the present case the spacing of the
satellites indicates a modulation wavelength of
165+5A, in agreement with that obtained from the
images.

The nature of the {100} modulations was further
investigated by means of dark-field imaging. Cahn
(1962) showed that spinodal decomposition in crys-
tals with cubic symmetry should lead to the develop-
ment of compositional modulations with wavefronts
parallel to either {100} or {111}, depending on the
nature of the elastic anisotropy. No elastic constants
are available for titanomagnetites, but the data given
for magnetite by Birch (1966) indicate that the mod-
ulations will develop on {100}, as is the case for most
cubic materials. The contrast seen in the electron mi-
croscope arises from the net strain in the lattice due
to the periodic change in lattice spacing. Dark-field
imaging with different diffracting vectors g may be
used to determine the orientation of the displacement
associated with each compositional wave; a dis-
placement R will only lead to contrast in the image
when g - R # 0. Contrast arising from the change in
structure factor can be shown to be negligible by
means of a calculation similar to that described by
Cadoret and Delavignette (1969) for spinodally-
decomposed Cu-Ni-Fe alloys.

Figure 3 is a dark-field micrograph taken with the
operating refiection 400, and the modulated contrast
is only visible perpendicular to the diffraction vector.
In dark-field micrographs where the diffraction vec-
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tor is not parallel to one of the crystallographic axes,
for example g = 440 (Fig. 4), cross-hatched contrast
is seen, indicating that g+ R =+ O for both the (100)
and (010) modulations. These results are similar to
those obtained by Laughlin and Cahn (1975) for
spinodally-decomposed Cu-Ti alloys, and are consis-
tent with a model involving longitudinal dis-
placement waves along the (100) directions.

Discussion

There has been much consideration in the litera-
ture for both metals (Hilliard, 1970) and minerals
(Champness and Lorimer, 1976) of what constitutes
proof that spinodal decomposition occurs in a given
system. Conclusive proof requires either a detailed
study of small-angle X-ray scattering, in order to fol-
low the development of modulations during the early
stages of the transformation, or application of the mi-
crostructural time sequence method of Laughlin and
Cahn (1975). A more recent approach has been to re-
veal the variation in lattice spacing by means of high
resolution electron microscopy (Wu et al., 1978).

The presence of satellite reflections in X-ray or
electron diffraction patterns has long been used as an
indicator of spinodal decomposition. Some authors
have objected to this, pointing out that Ardeil and
Nicholson (1966) described a periodic structure pro-
duced by the alignment of homogeneously nucleated
precipitates. However, this periodicity only devel-
oped during the coarsening of an initially random
distribution of precipitates, and micrographs demon-

Fig. 2. A

[o01]
titanomagnetite. The inset, recorded at a higher instrumental
magnification, shows the satellites about the 840 reflection.

electron diffraction pattern of the
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Fig. 3. Dark-field micrograph taken using the operating
reflection 400. Only the modulations perpendicular to this
diffracting vector are in contrast.

strated the presence of two distinct phases. Thus
Laughlin and Cahn (1975) concluded that “periodic-
ity and alignment from the start of a transformation
is a strong indication of spinodal decomposition.”
The titanomagnetite described in the present paper
fulfills this criterion, since the electron micrographs
and diffraction pattern show that coarsening to a
two-phase structure has not taken place.

A similar modulated microstructure resulting from
spinodal decomposition has previously been recog-
nized in the CoFe,0,-Co0,0, spinel ferrites (Tak-
ahashi et al, 1971). Moore and Crawford (1978)
described a periodic structure in some natural
chrome-rich magnesioferrite spinels and ascribed this
to spinodal decomposition, but the structures were
considerably coarsened. Price (1979) considered that
a mottled texture seen in a titanomagnetite with x =
0.08' resulted from spinodal decomposition. How-
ever, a similar texture has been reported in TEM
studies of several ion-thinned spinels, including pure
Fe,O, (Smith, 1979 a,b; Putnis, 1979), and it seems
likely that this texture is produced during ion-thin-
ning (Smith, 1980). In the present example the ran-
dom, mottled texture is observed immediately adja-
cent to the thin edge of the specimen, but the
directional, periodic texture dominates in thicker
areas. This is consistent with the view that a thin sur-
face layer becomes damaged during ion-thinning.

Published optical micrographs of magnetite —ul-
vospinel,, intergrowths all represent the hypabyssal
or plutonic environments (Haggerty, 1976). A com-

! Throughout the present paper x denotes the mole fraction of
ulvospinel in the solid solution (1 — x)Fe;04-xFe,TiO,.
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T R - 8 &
Fig. 4. Dark-field micrograph taken with the diffracting vector
440. Both sets of modulations are in contrast.

mon feature of these samples is the very uniform de-
velopment of the cloth texture throughout the grain.
This would be expected for spinodal decomposition,
which occurs independently of any nucleation sites,
and it may well be that such examples are coarsened
spinodal textures. However, transformation mecha-
nisms cannot be identified positively from coarsened
microstructures, and it is also possible that homoge-
neous nucleation occurs at the slower cooling rates
associated with these environments.

One attraction of spinodal decomposition is that a
quantitative theory exists to describe it, and it thus
holds considerable promise as an indicator of ther-
mal history, at least in the initial stages of transfor-
mation. This is in contrast to exsolution mechanisms
involving a nucleation step, for which the theory is
less well defined. It is thus possible to estimate the
temperature at which the microstructure in titano-
magnetite 15383 developed, and the time taken for
the transformation.

The most detailed study of the subsolidus phase
diagram of the titanomagnetite system is that of
Kawai (1956), giving the solvus depicted in Figure 5.
The sometimes-quoted solvus of Vincent et al. (1957)
was determined using an incorrect value for the cell
parameter of ulvospinel, leading to considerable er-
rors in the positioning of the ulvospinel-rich limb of
the solvus. Use of the correct value for this cell pa-
rameter improves the agreement between the two
studies. Kawai found difficulty in determining the
low-temperature part of the diagram due to slow re-
action rates, and based this part of the solvus on the
compositions of natural examples. However, the crest
of the solvus was determined experimentally to be at
600°C and x = 0.42.
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The titanomagnetite from sample 15383 has a
composition very close to the critical composition,
and will therefore be assumed to have an equilibrium
solvus temperature of 600°C. Since the equilibrium
solvus and the chemical spinodal, defined by the
locus of (°G/dx?),,» = 0, coincide at the critical com-
position, the chemical spinodal temperature may also
be taken to be 600°C. Cahn (1968) showed that the
coherent spinodal is depressed below the chemical
spinodal by the amount 29*Y/S”, where 7 is the frac-
tional misfit in cell parameter per unit change in
composition, Y is a function of the elastic constants,
and S” is the second derivative with respect to com-
position of the entropy per unit volume. Values of 7
and Y may be determined using published cell pa-
rameters (Lindsley, 1965) and elastic constants
(Birch, 1966). The factor S” may be calculated using
Rumble’s (1977) model for the configurational en-
tropy of titanomagnetites, and the generally accepted
model of O’Reilly and Banerjee (1965) for the cation
distribution in this series. For the composition x =
0.40 this gives a value of 95°C for the depression of
the spinodal, leading to a coherent spinodal temper-
ature of 505°C. No attempt is made here to calculate
the rest of the coherent spinodal, as the low-temper-
ature solvus data are considered insufficiently accu-
rate to warrant this.

The time taken to form the observed micro-
structure may be estimated from the data of Freer

D
o
o

400

L]

200

A i i i i

60 40 20
Fe,TiO, mole %
Fig. 5. Solvus for the system Fe;04-Fe,TiO,, after Kawai

(1956). The dotted line marks the crest of the coherent spinodal, as
calculated in the present study.
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and Hauptman (1978) for interdiffusion between
pure Fe,O, and titanomagnetite with x = 0.20. The
exponential expression obtained by these authors
leads to an interdiffusion constant of 1.1 X 10~ ¢cm?/
sec at 500°C. Freer and Hauptman showed how one
may calculate the approximate time taken to create a
lamellar intergrowth, given the interdiffusion con-
stant and the scale of the microstructure. Taking the
average interdiffusion distance in the spinodally-de-
composed titanomagnetite to be half of the modula-
tion wavelength, one obtains a transformation time
of ~4 hours. This figure should only be treated as a
rough guide, since the classical diffusion laws are not
strictly applicable in the immediate vicinity of the
spinodal, but it does indicate that this kind of micro-
structure may form in titanomagnetites on the time-
scale of laboratory experiments.

Implications for palaeomagnetism

Exsolution in titanomagnetites was previously con-
sidered to be restricted to the hypabyssal and plu-
tonic environments (Haggerty, 1976); the present re-
sults show that submicroscopic exsolution may occur
in volcanic titanomagnetites of suitable composition.
As mentioned in the introduction, such exsolution
can lead to an increased coercivity, and therefore an
increased time-stability, of the TRM carried by a
rock. An analogous increase in coercivity was ob-
served in spinodally-decomposed cobalt ferrite by
Takahashi et al. (1971). The form of the titano-
magnetite solvus indicates that the coherent spinodal
will be at prohibitively low temperatures for spinodal
decomposition to occur in titanomagnetites from
submarine tholeiites, which typically have ulvospinel
contents of ~0.6-0.7; a TEM study of such a sample
did not reveal any exsolution (Smith, 1979a). Spin-
odal decomposition is probably restricted to titano-
magnetites from intermediate and acidic volcanic
suites, which have lower ulvéspinel contents.

Fine-scale exsolution in titanomagnetite may also
be relevant to the problem of self-reversal of the nat-
ural remanent magnetization of rocks. Although it is
now well established that reversed magnetizations of
rocks are almost exclusively the result of geomag-
netic field reversals, there is still some interest in pos-
sible mechanisms for the complete or partial self-re-
versals recorded in a few rocks.

Shcherbakov et al. (1975) described a partial self-
reversal that occurs in some synthetic mixed ferrites
and in a natural Fe,0,~Mg,TiO, spinel. The effect is
manifested as a sharp peak in the thermal demagne-
tization curve of a thermoremanent magnetization
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(TRM) near the final Curie point, implying that the
partial TRM acquired by the sample over this tem-
perature range is reversed. Bol’shakov et al. (1977)
showed that this behavior is consistent with a model
in which chemical inhomogeneities on a scale of
~100A lead to a diffuse Curie temperature, the
chemical composition being a continuous function of
position. Spinodal decomposition clearly provides a
possible mechanism to produce this kind of in-
homogeneity. A similar partial self-reversal was ob-
served by Petherbridge et al. (1974) in some partially
unmixed synthetic titanomagnetites. The anomalous
peak was present for samples cooled from 1350°C to
room temperature over a 15-hour period, but was ab-
sent in a rapidly quenched sample. The timescale in-
dicated for this exsolution process is thus similar to
that calculated for spinodal decomposition in the
present paper.

A natural example of a partially self-reversed rock
is the lava from Mt. Etna, Sicily, described by Heller
et al. (1979). The TRM of this rock is carried by opti-
cally homogeneous titanomagnetite that is zoned
from x = 0.34 to 0.45. The self-reversal was ascribed
to magnetostatic interaction between exsolved Ti-
rich and Ti-poor phases, with compositions x ~0.12
and ~0.55. In view of the similar bulk composition
and geological environment to the titanomagnetite
from lava 15383, it is likely that the Etna material
also exsolved by spinodal decomposition. Transmis-
sion electron microscopy of such thermomagnetically
characterized samples would be of great value in un-
derstanding self-reversal mechanisms of the ferri-
magnetic spinels.
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The Méssbauer spectrum of ferrihydrite and its relations to those of other iron oxides
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Abstract

The superparamagnetic Méssbauer spectra observed for ferrihydrite at room temperature
are complex, and require fitting with at least two Lorentzian doublets to properly delineate
the experimental data. Characteristic for such fits are a low (0.54 mm - s™') and high (0.90
mm - s~') quadrupole splitting. At 4K the Méssbauer spectrum of this mineral shows mag-
netic hyperfine splitting with a wide distribution of hyperfine fields, and a maximum absorp-

tion near 500 kOe.

Similar spectra are also shown by other iron oxides, especially hematite, of extremely small
particle size (<100A). This emphasizes basic structural relationships between the different
iron oxides, but limits the applicability of Mdssbauer spectroscopy as an analytical tool in

this particle size range.

Introduction

Ferrihydrite is a naturally occurring iron oxide of
bulk composition 5Fe,0, - 9H,0. Two different for-
mulae proposed for ferrihydrite are Fe,HO, - 4H,0
(Towe and Bradley, 1967) and Fe,(O,H,); by Chukh-
rov et al. (1972). From infrared absorption spectra
Russell (1979) suggested OH to be an essential part
of the structure and arrived at the formula
Fe,0; - 2FeOOH - 2.6H,0.

Ferrihydrite is usually identified by X-ray diffrac-
tion which, however, is not very sensitive because
this mineral yields very broad lines and often in-
complete patterns due to small particle size (<100A)
and/or poor structural order. High solubility in am-
monium oxalate can give an indication of the pres-
ence of ferrihydrite in natural samples (Schwert-
mann, 1964; 1979).

No information on the Méssbauer spectrum of this
mineral from soils or sediments has been published
to date. On the other hand, some earlier data on
“amorphous iron oxide gels” may, in fact, refer to
ferrihydrite. The Mdossbauer spectrum of ferrihydrite
may also be related to that of the iron core of the
protein ferritin, to which it appears to be structurally
similar (Harrison and Hoy, 1973).

In this study the Mdssbauer spectra of synthetic
and natural ferrihydrites are described and compared
to published and our own (mostly unpublished) data
on the other common iron oxide minerals.

0003-004X/80/0910-1044802.00

Sample description

Of the synthetic samples studied, 13/0 was pre-
pared by neutralizing a 0.5M Fe(NO,); solution with
NH,OH to a pH of 7.5, washing free of electrolyte,
and freeze-drying. Sample DLF5 was prepared by
hydrolyzing a 0.06M Fe(NO,), solution at 85°C, dia-
lyzing the sol against distilled water, and freeze-
drying (Towe and Bradley, 1967). Sample PT79 was
prepared by passing O, through a 0.0125M FeCl, so-
lution in the presence of 50 ppm SiO, (to suppress
lepidocrocite formation) at pH 7.

_The natural samples 2, 40A, 31, N162, and N196
were formed by rapid oxidation of ferriferous waters,
resulting in heavy ochreous precipitates. The first
three samples are from various localities in Finland
(Carlson and Schwertmann, unpublished manu-
script). N162 is from the vicinity of Hannover in N.
Germany (Schwertmann and Fischer, 1973), and
N196 is from the type locality in Kazakhstan, USSR
(Chukhrov et al., 1972).

X-ray diffraction shows these samples to cover a
range of ferrihydrite crystallinity from a fully devel-
oped six-line pattern (31, N162, PT79, DLF5) to a
very poorly ordered material which shows only the
two hk lines at 2.5 and 1.5A (2, 13/0). The six-line
pattern is that of a well developed ferrihydrite; the
two-line pattern corresponds to the most poorly or-
dered material, which consists only of planar ar-
rangements of Fe(O,0H,OH,), octahedra without
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any stacking perpendicular to that plane. The two
lines correspond to the main Fe-Fe distances of 2.52
and 1.45A within this structure (Feitknecht e al.,
1973). This material can be considered to have the
most primitive arrangement of Fe(O,0H,0H,), octa-
hedra, and may be a precursor of numerous other
iron oxides. In nature it was found to occur in close
association with ferrihydrite, feroxyhite, and other
iron oxides (Carlson and Schwertmann, unpublished
manuscript).

Ratios of oxalate (Schwertmann, 1964) to dithion-
ite soluble iron (Mehra and Jackson, 1960) were over
0.9 in all samples except PT79 (0.56) and DLF5
(0.45), indicating ferrihydrite to constitute at least the
dominant part of the total iron oxides.

Experimental methods

Mossbauer spectra were taken using a ¥Co/Rh
source mounted on a loudspeaker-type drive system.
Spectra were run at room temperature and after cool-
ing both source and absorber to about 130 and 4K in
a cryostat. Absorbers for the room-temperature
spectra consisted of 11 mg sample mixed with 34 mg
sugar (to improve mechanical stability), spread uni-
formly over an area of 2 cm? in a plexiglas holder. At
lower temperatures 40 mg of undiluted sample were
used. The transmitted radiation was registered with a
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Fig. 1. Mdossbauer spectrum of natural ferrihydrite N162 at

room temperature, fitted with (a) one Lorentzian doublet (32 =
1.41), (b) two Lorentzian doublets (x> = 0.89).
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Fig. 2. Mossbauer spectrum of natural ferrihydrite N162 at 4K,
fitted with (a) one sextet (x> = 14.0), (b) three sextets (52 = 3.4).

proportional counter and fed into a 1024-channel an-
alyzer. Counting proceeded until sufficiently good
statistics, visually monitored with an oscilloscope,
had been attained. The data were folded, plotted,
and Lorentzian curve fits carried out by a computer
procedure. Pure metallic iron served as a standard
for velocity calibration and as reference material for
isomer shifts.

Results

At room temperature and 130K the Mossbauer
spectra showed only a paramagnetic doublet. At 4K
all spectra were completely split magnetically.

Fitting one doublet to the room temperature and
130K spectra, and one sextet to the spectra taken at 4
K resulted in only moderate coincidence with the ac-
tual line shapes (Figs. 1a, 2a). Line widths computed
from such fits were exceedingly high, averaging
about 0.45 mm -s™' at room temperature, 0.53
mm - s~' at 130K, and over 1 mm - s™" at 4K.

Fitting two doublets to the room-temperature
spectra lowered the x* values (normalized by divid-
ing x> by the number of channels minus fit parame-
ters) from an average of 1.45 to 0.95. The two dou-
blets differ noticeably in their quadrupole splittings
(0.89 and 0.54 mm - s7') and line widths (0.45 and
0.31 mm - s™'), whereas the isomer shifts (0.34 and
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0.35 mm - s7') vary significantly neither between the
two doublets, nor from sample to sample.

The magnetically split spectra had to be fitted with
three sextets to obtain acceptable x> values. These
fits, constrained to have identical isomer shifts for all
sextets, showed the samples to have low and only
slightly different quadrupole splittings, but a wide
spread of magnetic hyperfine fields between about
445 and 510 kOe. A more realistic analysis was at-
tained by fitting these spectra with series of up to
twelve sextets, constrained to have identical line
widths, isomer shifts, and quadrupole splittings. Such
fits showed the ferrihydrites to possess distributions
of magnetic hyperfine fields that are slightly skewed
towards lower values, with maxima somewhat below
500 kOe (Fig. 3).

Parameters resulting from the individual fits of the
room temperature and 4K spectra are given in Table
1. The spectra registered at 130K resemble those at
room temperature (except for increased line widths),
and are therefore not included in the table.

Discussion

Comparison with published values for “amorphous iron
oxide gels” and ferritin

Most published quadrupole splittings of room-
temperature “amorphous iron oxide” spectra (Table
2) are lower than those obtained here for a one-dou-
blet fit of ferrihydrite (0.75 mm - s™*), but higher than
those of the other common iron oxides of not too
small particle size (ca. 0.55 mm - s™"). Only one of
these previously described samples, which had been
precipitated from an Fe(NO,), solution (Giessen,
1966) was, however, shown by X-ray diffraction to
consist of ferrihydrite. Potvin and Greenblatt (1969)
suggested that akaganéite may form when such gels
are precipitated from FeCl; solutions. Impurities that
gave a magnetically split spectrum at 70 K—the hy-
perfine field of 480 kOe indicates goethite—were ob-
served in another case (Brady et al., 1967).

Only two of the synthetic samples studied here
contained significant amounts of iron oxides other
than ferrihydrite. These samples (PT79, which con-
tained some feroxyhite and lepidocrocite, and DLFS5,
which contained lepidocrocite and goethite), which
must therefore be excluded from the calculation of
average parameters, had the lowest quadrupole split-
tings of all.

The quadrupole splitting of 0.72 mm - s™', ob-
served at room temperature for a natural ferric gel—
possibly ferrihydrite—precipitated near freshwater
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Fig. 3. Distributions of magnetic hyperfine fields at 4K for (a)
natural ferrihydrite N162, and (b) synthetic ferrihydrite 13/0.

springs (Coey and Readman, 1973) agrees well with
our values (Table 1).

The iron-storage protein ferritin has been shown to
consist of micelles of “hydrated ferric oxide” about
40-70A in diameter, surrounded by protein shells.
The X-ray and electron diffraction data are identical
to those of ferrihydrite (Towe and Bradley, 1967).
Correspondingly, the Mossbauer spectrum of ferritin
(Blaise et al., 1965; Fischbach et al., 1971; Williams ez
al., 1978) closely resembles that of ferrihydrite as de-
scribed here.

Our results

Adequately good delineations of the experimental
data were obtained when the room-temperature
spectra were fitted with two doublets and the 4K
spectra with three sextets (Figs. 1b, 2b). The different
parameters resulting from these fits (Table 1) can be
used to characterize the samples. They should, how-
ever, not be taken as proof for the existence of dis-
cretely different iron sites in the ferrihydrite struc-
ture. The hyperfine field distributions of the
magnetically split spectra (Fig. 3) rather indicate
continuous variations of parameters, and therefore of
environments of the iron nuclei.

Room-temperature spectra. Our unpublished stud-
ies have shown the quadrupole splittings of super-
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Table 1. Mossbauer parameters of ferrihydrite

Sample N/S* T(K) §(Fe) AEQ W Hy
31 N 291 0.35(1) 0.71(1) 0.45(1) -
0.35(1) 0.85(3) 0.41(1) -
0.36(1) 0.51(2) 0.29(2) -
N162 N 291 0.35(1) 0.71(1) 0.45(1) -
0.34(1) 0.89(2) 0.42(1) -
0.35(1) 0.54(1) 0.31(1) =

4 0.32(1) 0.05(1) 1.19(2) 492(1)

0.02(1) 0.74(3) 508(1)

0.33(1) 0.08(1) 0.90(4) 484 (1)

0.03(2) 1.40(7) 444(3)
40A N 292 0.35(1) 0.78(1) 0.46(1) -
0.35(1) 0.98(2) 0.39(1) -
0.35(1) 0.59(1) 0.32(1) -
N196 N 291 0.35(1) 0.78(1) 0.52(1) -
0.34(1) 0.88(2) 0.53(1) =
0.35(1) 0.55(1) 0.27(5) -
2 N 291 0.35(1) 0.83(1) 0.52(1) -
0.35(1) 0.90(2) 0.50(1) -
0.36(1) 0.52(1) 0.24(5) -
PT79#*% s 290  0.34(1) 0.69(1) 0.53(1) -
0.34(1) 0.86(2) 0.53(1) -
0.35(1) 0.51(1) 0.34(1) -
DLFS5##* 5 292 0.35(1) 0.64(1) 0.42(1) -
0.33(1) 0.86(1) 0,39(1) -
0.35(1) 0.52(1) 0.32(1) ~
13/0 ] 291 0.34(1) 0.71(1) 0.46(1) -
0.33(1) 0.87(2) 0.43(1) -
0.34(1) 0.54(2) 0.34(2) =

& 0.34(1) 0.02(1) 1.05(2) 484(1)

-0.01(1) 0.56(3) 505(1)

0.34(1) 0.02(1) 0.72(3) 482 (1)

0.06(1) 0.90(4) 452(2)

% Natural/synthetic sample.

** Contains noticeable amounts of other iron oxides, as
determined by XRD.

Italicized values: one doublet fit (room temperature)
and one sextet fit (4K), respectively.

Isomer shifts (d), quadrupole splittings (AEy) aund
widths (W) given in mm-s‘l, magnetic hyperfine %ields
in kOe

paramagnetic goethite and lepidocrocite (ca. 0.52-
0.55 mm - s™"), minerals which are often associated
with ferrihydrite in nature, to be usually lower than
that obtained for a one-doublet fit of ferrihydrite
(0.75 mm - s7'). Goethites of very poor crystallinity,
however, were found to have higher quadrupole
splittings of up to 0.63 mm-s™'. The Mdssbauer
spectra of such goethites should—like those of fer-
rihydrite—also be fitted with two doublets. Parame-
ters of such a fit are similar isomer shifts averaging
0.35 mm - 57!, but different quadrupole splittings of
0.50 and 0.77 mm - s™', and rather wide (FWHM 0.45
mm - 5~') outer lines.

In synthetic microcrystalline hematite decreasing
particle size results in lattice expansion, as though the
crystals were subjected to a ‘“negative pressure”
(Schroeer and Nininger, 1967). Decreasing pressure,
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however, causes the quadrupole splitting of this min-
eral to increase, whereas the isomer shift remains es-
sentially unchanged (Vaughan and Drickamer,
1967). Refined analyses showed that the room-tem-
perature Mossbauer spectra of small particles (<70A)
of hematite can be fitted with two partly overlapping
doublets that have different quadrupole splittings of
0.52 and 0.90 mm - s~ (Kraan, 1973). These com-
ponents were considered to result from well-ordered
inner and poorly-ordered surface regions of the parti-
cles, respectively.

These observations correlate very well with the ob-
served Mossbauer spectrum of ferrihydrite, which
has quadrupole splittings that are practically identi-
cal to those given by Kraan (1973) for ultrafine hem-
atite. Note in this connection that the structure of fer-
rihydrite may be compared to that of a disordered
hematite (Towe and Bradley, 1967).

4K spectra. The magnetically split spectra shown
by ferrihydrite at 4K differ from those usually ob-
served for the other iron oxides at this temperature.
Our mostly unpublished studies show that the hyper-
fine fields of well crystallized hematite (540 kOe) and
feroxyhite (529 kOe; Carlson and Schwertmann,
1980) are distinctly higher, and that of lepidocrocite
(455 kOe) is lower than the maximum of the hyper-
fine field distribution of ferrihydrite (ca. 500 kOe, see
Fig. 3). The hyperfine field of goethite (505 kOe) ap-
proaches that maximum more closely, especially
when lowered by aluminum substitution, but both
goethite and hematite have quadrupole splittings that
differ from that of ferrihydrite (0.24 and —0.41 vs.
0.03 mm ‘- s7"). The Mossbauer spectrum of akaga-
néite comprises at least three superimposed sextets

(1]

Table 2. Mossbauer parameters of “amorphous iron oxide gels

Author(s) N/s* T(K) &(Fe) AEq Hj
Giessen (1967) S 300 0.36 0.62 -
Brady et al. (1968) S 298 0.39 0.67 -
B 455
Mathalone et al. (1970) S 29x 0.33 . 0.65 -
5 0.40 = 480
Coey & Readman (1973) N 296 0,35 0.72 -
77 0.47 0.81 -
4 0.48 0.03 458
Loseva & Murashko (1973) S 29x% 0,32 0.62 -
Kauffman & Hazel (1975) S 300 0.37 0.63 =
Savaeswar et al. (1877) S 300 0.32 0,54 -
i/ 0.43 0.68 -
Okamoto & Sekizawa (1979) S 29x 0.60 -
4 0.5 ~ 0 494~508

* Natural/synthetic sample,
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that have similar hyperfine fields between 473 and
486 kOe, but different quadrupole splittings of 0.90,
0.30, and —0.05 mm - s™' (Murad, 1979).

The (poorly ordered) surface regions of small hem-
atite particles were found to have a reduced hyper-
fine field (Kraan, 1973). This was considered to be
the result of decreasing mutual interactions of sur-
face ions with decreasing particle size. The particle
sizes at which such effects become noticeable (70-
40A) are quite comparable to those usually observed
for ferrihydrite. The hyperfine field distributions
shown by this mineral are probably the outcome of
particle size distributions.

Conclusions

One-doublet and one-sextet fits of room temper-
ature and 4K Mdossbauer spectra of ferrihydrite can
be used to characterize this mineral. Typical parame-
ters of such fits are a high quadrupole splitting of
0.75 mm - s™' at room temperature, and a hyperfine
field of about 490 kOe at 4K.

Physically sound fits require the room temperature
spectra of ferrihydrite to be fitted with at least two
superparamagnetic doublets of similar isomer shifts
but different quadrupole splittings. At 4K hyperfine
splitting with a distribution of magnetic hyperfine
fields is observed. Both effects are also shown by
other iron oxides of extremely small particle size, for
example hematite. It thus appears that—in the mi-
crocrystal range—as particle sizes decrease, the indi-
vidual characteristics of the different iron oxides
gradually disappear, until finally only fundamental
structural elements of short-range order common to
all, i.e. Fe** surrounded by six O, OH, and/or OH,,
remain. This is in agreement with the conclusions
from X-ray diffraction.
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Frequency distribution of plagioclase extinction angles: precision of the Michel-Lévy
technique
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Abstract

The precision and accuracy of the Michel-Lévy method of plagioclase determination in
thin section depend on the probability that an angle close to the maximum extinction angle
will be observed in a given set of measurements. By assuming that the grains have a uniform
random orientation, the probability density function of the extinction angle can be calcu-
lated. Knowledge of the density function allows one to calculate the probability of observing
an angle close to the maximum angle, as a function of the number of measurements. These
probabilities are surprisingly high; for most compositions, a set of ten measurements gives a
95 percent probability of predicting a composition within five mole percent An of the true

value.

Introduction

The Michel-Lévy “statistical” method for thin-sec-
tion determination of plagioclase composition was
introduced in the last century (Michel-Lévy, 1894),
and is probably the most useful optical method avail-
able. However, the method is subject to systematic
errors because it depends on finding the maximum
value of a randomly-distributed extinction angle. If
the true maximum angle is not measured, the result-
ing anorthite content, as predicted from the angle,
will either be too low (for compositions more calcic
than An,) or too high (for compositions more sodic
than An,,). The precision and accuracy of the tech-
nique depend on the probability of observing an
angle sufficiently close to the maximum angle, and
thus on the frequency distribution of extinction an-
gles. This paper discusses the statistics of plagioclase
extinction angles.

Method

In this paper, the plagioclase grains are assumed to
have a uniform random orientation, and only those
with (010) vertical are considered. Many rocks (e.g.
those with trachytic fabrics) do not meet this first
condition, but it is a convenient starting point for dis-
cussion of the statistics of extinction angles.

The extinction angle 6, defined as the angle be-
tween the fast ray x” and the trace of (010), can be de-

0003-004X/80/0910-1050$02.00

termined on a stereonet by using the construction
given in Bloss (1961, p. 228-229). Analysis of the ste-
reonet solution shows that, for grains with (010) ver-
tical, 4 is given by

0(p) = Y |arctan[tana,sin(8, + p)]
+ arctan[tana,sin(8, +p)]|

M

where p is the angle between the crystallographic ¢
axis and the microscope axis, and a,, a,, 8, and 8,
are composition-dependent constants which depend
on the orientations of the optic axes of the plagio-
clase grain. These constants are easily derived from
the optical data of Burri et al. (1967; low-temperature
plagioclase data abstracted in Mizutani, 1975).

Figure 1 is a plot of 8 as a function of p for two
compositions. For all compositions, § ranges between
zero and a maximum angle. The Michel-Lévy deter-
minative curve plots this maximum extinction angle
against composition. Figure 2 is such a determinative
plot, derived using equation 1 and the low-temper-
ature data cited above (19 points from An, to Any).
It agrees well with the Michel-Lévy curve, especially
for intermediate compositions.

The extinction angle 8 is a function of the random
variable p, so # is randomly distributed. p is uni-.
formly distributed between O and 27 (under the as-
sumption made at the start of this section), so the
density function of @ can be calculated by change-of-

1050



GLAZNER: PLAGIOCLASE EXTINCTION ANGLES

180 270 360

Fig. 1. Plot of the extinction angle # as a function of the rotation
angle p, for compositions Any and Ang.

0 S0

variable techniques (Mood and Graybill, 1963, p.
220-225). Call this calculated density function p(6).
Figure 3 shows plots of p(#) for compositions An,
and An,,. For most compositions, p(f) resembles the
curve for An,; for very calcic compositions a second-
ary peak is present at about half the maximum angle.
Now for any composition, the probability of observ-
ing an angle between any two limits is equal to the
area under p(#) between those limits. For all compo-
sitions, p(f) goes to infinity as § approaches the maxi-
mum angle. Therefore, in any random observation,
the probability of observing an angle near the maxi-
mum is much greater than the probability of observ-
ing an angle near any particular smaller value.
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Fig. 2. Comparison of the curve plotting maximum extinction
angle vs. composition, determined in this study, with the Michel-
Lévy curve taken from Heinrich (1965, p. 364).

1051
|
010 f (
008 [
PIB) o™,
004
Fi

002 J s

[¢)

4] 0 20 30 40 50
6

Fig. 3. Plot of the probability density function of the extinction
angle 6, for compositions An, and Angy. Dashed lines are
maximum angles to which the curves are asymptotic.

Now suppose that 4., is the maximum extinction
angle for a given composition, and 4, is some angle
less than 8,,,, which yields an apparent composition
in error by e mole percent An when applied to the
determinative curve of Figure 2. The probability that
arandomly chosen grain will show an extinction angle
less than 4. is equal to the area under the curve p(f)
to the left of .. If n randomly chosen grains are mea-
sured, the probability that at least one observed angle
will be greater than 4, is equal to one minus the prob-
ability that none of the observed angles are greater

than 6., or
8, n
P=1- [/ p(0)d0}
0

In Figure 4 these probabilities are plotted as a func-
tion of n, for two different tolerance limits: ¢ = §
(Fig. 4a) and e = 10 (Fig. 4b). The probabilities are
quite high; for most compositions, even as few as
three measurements gives better than a 70 percent
chance of being within 10 mole percent of the true
composition. Ten measurements, the number recom-
mended in most textbooks, give a very high probabil-
ity of achieving the correct value. The probability of
an accurate measurement reaches unity for composi-
tion near An,, since for those compositions the ex-
tinction angle is so small that significant deviation
from the true maximum angle is impossible.

Conclusion

If judiciously applied, the Michel-Lévy method
can give highly reproducible results, in spite of its
“statistical” nature. Ten measurements give a high
probability of being within 5 mole percent An of the
true composition, and the bias in the calculated com-
position is small. However, the probabilities in Fig-
ure 4 should not be used to put precise confidence
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Fig. 4. Probability P of predicting a composition within (a) 5
mole % An and (b) 10 mole % An of the true composition, as a
function of n (the number of measurements) and composition.

limits on optical plagioclase determinations, because
several other factors enter into the true error. Some
of these are: (1) non-uniform grain orientation; (2)
chemical zoning; (3) change in extinction angle with

PLAGIOCLASE EXTINCTION ANGLES

change in structural state, for a given composition;
(4) errors in the data used to calculate Figure 2; (5)
deviations of (010) from vertical.
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Abstract

A simple rapid-quench design, utilizing conventional cold-seal pressure vessels, operates
by flushing the capsule chamber with cold water injected through an axial capillary tube.
Compared to a conventional air quench, improved quench rates are gained without the dis-
advantages associated with other rapid-quench methods (e.g. water-bath immersion or water-
jacketed tilt mechanisms). The need for a rapid quench is illustrated by quench reactions in
experiments with wollastonite-bearing equilibria in H,0-CO, fluids. Upon air quenching,
wollastonite reacts with CO, to form calcite and (presumably) silica in solution. Quenching
experiments involving wollastonite and H,O-CO, fluids indicate that back-reaction during
cooling is minimized through use of the new rapid-quench design.

Introduction

Interpretation of hydrothermal experiments can be
complicated by the precipitation of undesirable
phases during quenching of conventional cold-seal
pressure vessels. For example, calcite readily forms
during compressed air quenches in experiments in-
volving wollastonite equilibria in H,0-CO, fiuids
(Kerrick and Ghent, 1980; Johannes, personal com-
munication; Shmulovich, 1977; Ziegenbein and Jo-
hannes, 1974). Although rapid quenching of the pres-
sure vessel through immersion into a water bath may
alleviate this problem, repeated quenching by this
method can shorten vessel life and lead to explosive
failure. Use of water-jacketed rapid-quench vessels
can be quite successful in reducing quench problems,
provided precautions pointed out by Ludington
(1978) and Rudert et al. (1976) are observed. The
present paper describes a new rapid-quench design
that utilizes a conventional cold-seal vessel (Tuttle,
1949) through which cool water is injected into the
capsule chamber vig an axial capillary tube; this pro-
cedure results in a rapid temperature drop in the im-
mediate vicinity of the capsules. This new design is
simple and requires little modification of a cold-seal
hydrothermal laboratory.

Rapid-quench mechanism

Figure 1 is a schematic diagram illustrating the
rapid-quench design used in this study. In our exper-
iments, the pressure vessel was oriented horizontally

0003-004X/80/0910-1053$02.00

to minimize temperature gradients (Boettcher and
Kerrick, 1971). Temperatures (+2°C) were measured
with an internal, inconel-sheathed, chromel-alumel
thermocouple which, along with capillary A (Fig. 1),
extends through the hollow filler rod to the position
of the capsules. Both the thermocouple and capillary
A were silver-soldered to the nipple at the top of the
T-junction. Valve A is used to isolate the pressure
vessel from the main pressure line after final pressure
adjustments are completed. Using water as a me-
dium, pressures were generated with an air-driven
hydraulic pump (Haskel # DSXHW-903). Pressures
(£20 bars) were monitored with a bourdon-tube
gauge for each vessel, calibrated against a factory-
calibrated standard gauge.

At the end of an experiment, pressure in the main
line (Fig. 1) is equalized to that in the vessel. Valve A
is then opened to connect the vessel to the main pres-
sure line. The vessel is then removed from the fur-
nace, placed in a stream of compressed air, and valve
B is immediately opened, allowing the hot water in
the vessel to exit through the T-junction, capillary B,
and bleed line. Cool water, pumped in through capil-
lary A as the hydraulic pump cycles to maintain con-
stant pressure, flows over (and quenches) the. cap-
sules (see inset in Fig. 1). A large-volume water
reservoir between each vessel and the main pressure
line should help reduce momentary pressure drops
which occur between each cycle of the hydraulic
pump. When the vessel is cool, pumping is stopped
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Fig. 1. Schematic diagram of the rapid-quench design.
Enlarged inset shows details of hollow filler rod, internal
thermocouple, and capillary A, illustrating flow of cool water
(arrows) around the capsules.

and the pressure allowed to drop by closing valve A
and letting the water flow out of the bleed line.

Experimental results

Quench rates

Quench rates from conventional compressed air
quenches are compared to those utilizing the rapid-
quench mechanism in Figure 2. The rapid-quench
apparatus yields significantly larger temperature
drops over the first 40 seconds of the quench. In fact,
temperatures recorded with the rapid-quench mecha-
nism averaged 150°C below those of the compressed
air quench for the time span of 2040 seconds. A
temperature drop of 400° (from 600° to 200°C) oc-
curs in about two thirds of the time with the rapid-
quench design as it does with a compressed air
quench. These results indicate that problems with
quench reactions may be alleviated (or minimized)
by utilizing the rapid-quench apparatus.
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Quench reactions

The rapid-quench mechanism was used to reduce
quench reactions in experiments dealing with wollas-
tonite in H,0-CO, fluids. As noted in the in-
troduction, several authors have observed that wol-
lastonite reacts with CO, during the quench to form
calcite and SiO,. X-ray analysis (Guinier camera) of
some experimental charges where wollastonite re-
acted with CO, during the quench yielded patterns of
wollastonite and calcite, but not quartz. This phe-
nomenon, which was also observed in experiments
by Shmulovich (1977), implies that quartz is not pre-
cipitating along with calcite; thus, silica remains in
solution, and/or is present as an amorphous phase.
SEM photographs of wollastonite from such experi-
mental charges support this hypothesis. Abundant
calcite thombohedrons can be seen on the wollaston-
ite grains; however, quartz is noticeably absent. One
of the authors (D. M. Kerrick) has frequently en-
countered this phenomenon in thin sections of wol-
lastonite-bearing metacarbonate rocks.

Ags,—Pd;, capsules were loaded with equal

600
® Compressed Air Quench

o "Rapid" Quench

500 -

400

T(°C)

300 -

200 -

100+

1 |
20 40 60 80 100 120 140 160
Time (secs)

Fig. 2. Temperature-time plot comparing conventional
compressed-air quench to that using the rapid-quench design.
Each symbol represents an average of 3 values. Initial temperature
was 600°C at a total pressure of 2.0 kbar.
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Fig. 3. Change in moles of CO, (final moles — initial moles)
resulting from the quench reaction: wollastonite + CO, — calcite
+ Si0,. Runs were quenched from the wollastonite + fluid field at
700°C and a total pressure of 1.0 kbar. A value of zero on the
ordinate indicates no back-reaction.

amounts of —325 mesh wollastonite (for a chemical
analysis of this specimen see Kerrick and Ghent,
1980) and silver oxalate + H,O for the generation of
various initial values of X, (Hunt and Kerrick,
1977; Slaughter et al., 1975). For each capsule, the
ratio of wollastonite to fluid was approximately 8:2
(by weight). To eliminate any reaction between the
wollastonite and CO, which may have occurred dur-
ing the run-up, the capsules were first subjected to 9-
14 day runs at 700°C and 1 kbar—conditions well
within the wollastonite stability field (Greenwood,
1967). Some vessels were then quenched with a con-
ventional compressed air stream, while others were
cooled with the rapid-quench apparatus. The final
composition of the fluid phase was determined by the
weight-loss method of Johannes (1969). Initial and fi-
nal amounts of CO, in the capsules should be identi-
cal if no quench reaction occurred. However, if wol-
lastonite reacted with CO, during the quench, a net
loss of CO, should be observed. Because pressure,
Xco,, and surface area of wollastonite were kept con-
stant in sets of experiments utilizing the two quench-
ing techniques, the change in moles of CO, should
provide a good comparison of the degree of back-re-
action of the two different quench methods for each
set of runs.

Figure 3 shows the results from the quenching ex-
periments. At all initial X, values, some back-reac-
tion occurred, evidenced by the net loss of CO, for all
data points. However, the rapid-quench technique
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yielded smaller CO, losses than the compressed air
quench. This is especially evident at high initial X,
values. For these CO,-rich compositions, the quench
path enters the calcite + quartz stability field at rela-
tively high temperatures, where enhanced reaction
kinetics cause greater losses of CO,. Note, however,
that for both quench methods the maximum loss of
CO, occurs at initial Xo, = 0.6 rather than initial
Xco, = 0.8. Apparently, quenching at initial X.,, =
0.6 represents the optimal combination of the rate-
enhancing effects of H,O and elevated temperature.
Back-reaction is very limited at initial X., = 0.2 and
0.4 (see Fig. 3), which implies that even though the
fluids are very water-rich, the temperatures at which
the quench path penetrates the calcite + quartz field
are too low for extensive back-reaction to occur.
Thus, for this reaction, quench products are most
likely to form in CO,-rich fluids during the initial
temperature drop of the quench, where the rapid-
quench apparatus was shown to be most effective
(see Fig. 2).

Discussion

Our rapid-quench device yields faster quench rates
than conventional compressed air methods. Al-
though quench rates with this device are not as rapid
as water-immersion methods or water-jacketed tilt
vessels, this new design does offer some advantages.
It avoids the large temperature gradients which can
be associated with some water-jacketed rapid-quench
vessels (Ludington, 1978; Rudert et al., 1976). In ad-
dition, with this new design it is possible to carefully
check sample temperatures through use of an inter-
nal thermocouple; the design of tilt-mechanism ves-
sels precludes the use of internal thermocouples. Our
rapid-quench design should provide a safe alterna-
tive to water-immersion methods under normal oper-
ating P-T conditions for cold-seal vessels, because
compared to water immersion, the relatively small
mass of injected water yields smaller overall short-
term strain on the vessel. No failures have occurred
in approximately two dozen runs with the new design
at pressures to 2 kbar and temperatures to 700°C.
Actual quench rates with other pressure media such
as Ar or CO, have not been measured; however, im-
proved quench rates are anticipated with the rapid-
quench design compared to compressed air quenches
with these pressure media.

As evidenced by experiments on the back-reaction
of wollastonite during quenching, the new design
does not eliminate all quench problems, but it does
reduce them to a more acceptable level.
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Hydrated aluminum hydroxy-fluoride, a ralstonite-like mineral at
Big Southern Butte, Snake River Plain, Idaho

GEORGE A. DESBOROUGH AND ORA ROSTAD
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Denver, Colorado 80225

Disseminated hydrated aluminum hydroxy-fluo-
ride, with the general formula Al (F,OH),, - 12-15
H,0, occurs in pale pink to pale yellow and white hy-
drothermally-altered rhyolitic rocks, and it may con-
stitute 40 percent by volume. The occurrence is at an
elevation of about 6,400 feet (2,130 m) above mean
sea level in the NE 1/4, sec. 22, T. IN, R. 29 E, on
the northwest side of Big Southern Butte, the most
prominent landmark about 60 km NW of the city of
Blackfoot. This occurrence is noteworthy because it
is the site of near-surface (<100 m depth) hydro-
thermal alteration that produced a ralstonite-like
mineral without significant Na or Mg, which pre-
viously have been considered essential components
of ralstonite.

Quantitative chemical data for this ralstonite-like
mineral are given in Table 1, along with the cell di-
mensions. Quantitative electron microprobe data
were obtained at 10 kV with the beam defocussed to
10 microns. Analyzed biotite, fluor-phlogopite,
AlLO,, KCl, and CaF, were used as standards. The
K-line intensity data for each element in specimen
A50976 were processed by Magic IV, and the results
were identical to those obtained without ZAF correc-
tions. Significant chlorine and potassium are sub-
stituted for the anion and cation, respectively, in one
specimen (Table 1). Quantitative analyses for Mg, Li,
Be, B, and NH; (Kjeldahl method) revealed less than
0.03 weight percent of each in specimen A50976.
Quartz, sanidine, and tridymite are the common as-
sociated minerals readily recognized by transmitted-
light petrographic methods; these are believed to be
relict from the rhyolite. Specimen Sobu-OF contains
massive halite, quartz, and albite. According to X-
ray diffraction studies of bulk samples, scanning elec-
tron microscopy, electron microprobe studies, and
petrographic studies, we conclude that the ralstonite-
like mineral, halite, and albite are of hydrothermal
origin. Fluorite is sparse, and topaz was not found.
The ralstonite-like mineral is optically isotropic, and
occurs as compact masses of submicron-size grains.
The largest crystals, shown on Figure 1, are 10- to 15-

0003-004X/80/0910-1057%02.00
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micron octahedra observed only in one of four speci-
mens. Some rosettes of crystal aggregates occur
perched on coarsely crystalline halite. Grains of

Table 1. Mineralogical data for hydrated aluminum hydroxy-
fluoride in four specimens from Big Southern Butte, Snake River

Plain, Idaho
Specimen no. A50976 Sobu-A,A Sobu-B Sobu-0F
Element Weight percent
K 2. L 0.17 0.15 0.26
(0.2) (0.04) (0.02) (0.10)
Ma 0.27 0.18 0.16 0.28
(0.01) (0.05) (0.04) (0.07)
Ca 0.08 <0.07 <0.07 <0.07
(0.03)
Al 25.9 27.3 26.8 2:0 o2
0.2) (0.3) (0.4) (0.2)
Cil, 28 0.26 0.128 0.06
(0.4) (0.20) (0.15) (0.07)
F 331 41.2 40.4 42.2
(1.2) (1.1) (1.5) (1.3)
OH calculated 21.4 15.3 15.0 14.4
H20 by difference 14.3 15.6 17.3 15.6
Atomic percent (for F+OHH+C1 = 48)
K 0.83 0.07 0.06 0.10
Na 0.18 0.08 0.11 0.19
Ca 0.03 = - -
Al 14.98 15.66 15.86 15.76
cl 1.24 0.12 0.10 0.02
F 27.13 33.46 33.86 34.70
OH 19.64 14.43 14.04 13.27
H,0 12.4 12.89 15.30 13.58
Cell dimensions (A)
a = 9.861(4) 9.799(3) 9.791(3) -

Values given for weight percent are the mean, with the
standard deviation in parentheses, based on 17-39 electron
microprobe analyses for each element in each specimen, except
for Sobu—OF which is based only on 5-7 analyses for each

element. Mg is less than 0.10 in all analyses.
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Fig. 1. Scanning electron photomicrograph of hydrated
aluminum hydroxy fluoride octahedra, Sobu A, from Big
Southern Butte, Snake River Plain, Idaho. Bar scale is 10 microns.
(Photo by James Nishi, U.S.G.S.)

hematite and magnetite(?) 5 to 15 microns in size are
present in polycrystalline aggregates.

Cell dimensions of @ = 9.791(3) to 9.861(3)A
(Table 1) and the intensity of the strongest X-ray dif-
fraction lines (Table 2) are more similar to the dif-
fraction parameters of synthetic hydrated aluminum
hydroxy-fluoride (Cowley and Scott, 1948) than to
the 9.92 to 10.02A for natural ralstonites studied by
Pauly (1965). The index of refraction of the ralsto-
nite-like mineral in specimen A50976 (Table 1), de-
termined by Ray E. Wilcox, ranges from 1.460 to
1.464 using focal masking.
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DESBOROUGH AND ROSTAD: RALSTONITE-LIKE MINERAL

Table 2. X-ray powder diffraction data for hydrated aluminum
hydroxy-fluoride (A50976), Big Southern Butte, Snake River

Plain, Idaho
bkl _dAa _E
111 5.72 100
311 2.97 60
222 2.85 25
400 2.46 20
422 2,01 10
333,511 1.899 15
440 1.743 20
531 1.667 5
620 1.563 3
533 1.503 5
f22 1.485 5
444 1.423 . 3
731,553 1.284 5
822,660 1.161 5
662 1.129 2

a = 9.861(4)

Diffractometer, scan rate 1°2 0 per inch; CuKa = 1.54178A, Ni filter
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The crystal structures and the phase transformation of Zn-Li silicates:
discussion
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Yu et al. (1978) reported on the preparation, poly-
morphism, and structure determination of a phase of
composition Zn(Zn,,Li,Siy;)Si0,. The purpose of
this note is to point out that a considerable literature
on lithium zinc silicates exists (West, 1975; West and
Glasser, 1970, 1972; Villafuerte-Castrejon and West,
1979) of which the authors are apparently unaware,
and to suggest, in light of this literature, some pos-
sible errors in the results of Yu et al.

Phase studies of the system Li,0-ZnO-SiO, have
shown that wide ranges of polymorphic orthosilicate
solid solutions are the only equilibrium ternary
phases to crystallize in this system (West and Glasser,
1970). These solid solutions cover part of the join
LiSi0,-Zn,Si0, (Fig. 1). Of most relevance to the
present discussion are solid solutions and phases that
occur between Li,ZnSiO, and Zn,SiO,; their general
formula may be written Li, ,,Zn,, . Si0,0 < x < 0.5).
Within this range, nine different solid solution poly-
morphs were encountered, named y,, v1, Y, B, Bi's
Bu, B> C, and C’. Unit-cell data were obtained for
most of them. Structurally, they fall into two fami-
lies; the y and C polymorphs are all derived from vy
Li,ZnSiO, which is isostructural with high (v,)
Li,PO, (Zemann, 1960), whereas the 8 phases are de-
rived from B, Li,ZnSiO, which is isostructural with
low (Bu) Li,PO, (Keffer et al. , 1969). B;; and y, both
have tetrahedral structures with approximately hex-
agonal close-packed oxide ions, and the structures
differ mainly in the manner of occupancy of the vari-
ous tetrahedral sites.

Yu et al. grew their crystals (called hereafter Yu
crystals) from a Li,M00,-MoO, flux and claimed a
composition for them corresponding to point X, Fig-
ure 1, which is just on the silica-deficient side of the
metasilicate composition. I suggest, however, that the
true composition of the Yu crystals lies near point Y
on the orthosilicate join, with x = 0.2, ie. at
Li, (Zn, ,Si0,. This conclusion is based on the follow-
ing.

(1) Three polymorphic forms of the Yu crystals
0003-004X/80/0910-1059$02.00

were identified, and their cell parameters correspond
fairly well to those of three of the lithium zinc ortho-
silicate polymorphs (Table 1). Only a rough com-
parison can be made because the cell parameters of
Yo Yu» and C are composition-dependent, and data
are available for only one composition for each
phase.

(2) The powder pattern of a (Yu) corresponds
fairly well to y, (West and Glasser, 1970), although
the latter contains more lines. This is probably be-
cause a high-resolution focusing camera was used in
the latter work to record the powder patterns.

(3) The B phase of Yu appears to be isostructural
with y,Li,PO, (and hence with y; Li,ZnSiO,).
Atomic coordinates are given in Table 2. One major
difference is the presence of the extra four-fold set of

* Li(2) sites in Li,PO,. I suggest that these atoms are

also present in the Yu crystals but, because of the
small scattering power of Li*, they escaped detection.
One effect of adding extra Li* to the Yu crystals
would be to change the coordination of oxygen from

5102

LiLSiOL
LiZZnS;DL

Li O Zn0
2
Fig. 1. Occurrence of Li,ZnSiO, solid solutions (hatched) in the

system Li,O-ZnO-Si0,. Compositions in mole percent.
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Table 1. Comparison of cell parameters of the Yu crystals and
LiZn orthosilicates (West and Glasser)

Cell a'y Yu C a, Yu "; B, Yu

YIIX = 0.2
para-
meter x = 0.24 x =0 400 700°¢C
3 13.01 13.16 6.300  6.32  6.406 6.45
b 10.41 10.6 10.516  ~10.72  10.520 10.64
c 10.07 5.06 5.011  75.06 5.043 5.12
% 90° A 90° 90.50° ~ 910 -

three cations arranged pyramidally to four arranged
tetrahedrally.

(4) The Yu crystals had a density of 3.53 g cm™; in
the Li,Zn orthosilicates, D varied from 3.35 (x = 0)
to 3.63 (x = 0.33). If the Yu crystals are ortho-
silicates, then their density corresponds to x = 0.2.

(5) The composition of the Yu crystals was deter-
mined by electron microprobe analysis, although Li*
could not be analyzed by this technique. From emis-
sion spectroscopic analysis, a value of 10 wt% Li was
obtained but rejected in favor of a value of 7 wi% ob-
tained by difference from the microprobe results. The
calculated lithium content in Li,Zn orthosilicates, x
= 0.2 is ~6 wt%, in fair agreement with both sets of
data.

In conclusion, the Yu crystals appear to be non-
stoichiometric orthosilicates with x ~ 0.2. This x
value is deduced from (1) the occurrence of a (y, +
C) phase assemblage, (2) the density value, and (3)
the magnitude of the electron density in the Tl 8d
sites. In spite of the compositional errors in the anal-
ysis of Yu et al., this is a valuable piece of work since
it is the first single-crystal study of Li,Zn ortho-
silicates and provides information on the structures
of y, and vy, polymorphs.
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The composition of the Zn-Li silicates reported by
us (Yu et al, 1978) has been questioned by West
(1979) who suggests a composition closer to
Li,Zn,,810,. The arguments raised by West require
some clarification.

(1) West identified our 8, «, and o’ as vy,,, y0, and C
respectively. West’s three phases differ in composi-
tion while our 8, a, and o' all have essentially the
same composition. In addition, our o' is not a single
phase but a twinned state of the « form at the atomic
scale (Table 1).

(2) West claimed that the powder pattern of our «
phase corresponds fairly well to y, (West and Glas-
ser, 1970) except that the latter has more lines. The
two patterns are compared in Table 2 and Figure 1,
and it is self-evident that they do not match “fairly
well” as claimed. West also mentioned that the larger
number of lines observed for v, is probably because a
high resolution focusing camera was used in West
and Glasser’s work to record the powder pattern. As
a matter of fact, we also used the focusing camera
(Guinier camera) in obtaining our X-ray pattern.

(3) West’s atomic coordinates of Li,PO, are identi-

! Present address: Institute of Chemical Analysis, 341 Mugar
Building, Northeastern University, Boston, Massachusetts 02115.

Table 1. Comparison of chemical compositions reported for Zn—
Li silicates

Yu et al. West
B ’YII (Li) o 20 , §10,) x = 0.2
o Y, (i, 2zn 5i0,) x =0
a’ ; ; -
o4 (L11.52Zn1'245104) X = 0.24

cal to those of our Zn-Li silicates except that the
former has an extra Li atom. If this extra Li atom in
Zemann’s Li;PO, (Zemann, 1960) is ignored, it ap-
pears that these two structures are similar.

(4) The measured and the calculated density for
our Zn-Li silicates are, respectively, 3.53 and 3.51 g/
cm’. If West’s composition were adopted, the calcu-
lated density would be 3.61 g/cm’, which is slightly
too high when compared with the experimental
value.

Table 2. Comparison of the powder patterns for a and vy, Zn-Li

silicate
a Vo
Yu et al. West & Glasser
d,(a) 4,(8) I  hkl dO(A) I hkl
5.45 5.43 10 110 5.50 60 110
5.40 10 020
4.23 4,52 10 011 4L.60 10 o011
4.07  4.05 50 120 L.09 80 120
3.99 40 101
3.97 3.92 20 101 3.97 60
S
g'%g 58 200,121
3.09 2 JO7 4O 130 B, 152 4O 130,210
2.93 10
2.92 20 931
2.7% 60
2,711 2.715 30 220 2.71 8a =2°C
2.68 80 04O
2.658  2.629 30 CLO 2,65 40 g
2.632 2.611 30 131 2.6L 10
2.60 10
2.58 40 2
2.54 80
2.521  2.506 100 002 Busey oy “URE
2.452  2.437 30 0l2
1.6282 1.6118 20 103
1.5429 1.5338 40 260
1.5179 1.5175 25 420
1.3720 1.3721 25 342
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Fig. 1. Graphical comparison of two X-ray powder patterns of
a and y, Zn-Li silicate.

YU ET AL.: Zn-Li SILICATES: REPLY

In view of the above discussion we conclude
that our Zn-Li silicate appears to be a distinct
phase from those reported by West. However, we
appreciate West’s interest and comments, and his
calling to our attention to some of his valuable
work on Zn-Li silicates which we did overlook
in our literature review.
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Hutcheon (1978) published a calculated phase dia-
gram for sphalerite-pyrite-pyrrhotite. In that paper
it was stated-that thermal expansion and isothermal
compressibility data were not needed to calculate
sphalerite compositions which were in agreement
with experimental values given by Scott (1973). Con-
trary to this statement, this agreement is fortuitous

700 -

600

500

TEMPERATURE °C

400 -

because the wrong molar volume for pyrite (15.962
cm®) was used in final calculations for the published
manuscript. Using the correct volume (23.940 cm?)
results in a marked discrepancy with the experimen-
tal data. Calculations have been repeated using ex-
pansion and compressibility data.

Because of the error in the published calculations

0.20

0.08

sp

Fig. 1. Calculated phase relationships for pyrite, pyrrhotite, and sphalerite are in reasonable agreement with the experimental data of
Scott (1973) if thermal expansion and isothermal compressibility data are used (solid lines). Calculated isobars which do not include
expansion and compressibility data (dashed lines) do not agree with the experimental data. The curves shown are for 2.5, 5, and 7.5 kbar.
The brackets represent the experimental points determined by Scott at 2.5 (circles), 5 (squares), and 7.5 (triangles) kbar.
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the procedure is given here in more detail for 400°C
and 5kbar. The composition of pyrrhotite coexisting
with pyrite at any temperature between 400 and
750°C at 1 atm is obtained from a polynomial, fitted
to the data of Toulmin and Barton (1964):

pe = 0.9545099 + 1.019706 X 10-%(T)
— 1.132749 % 10°(T%)

where T = Celsius temperature.

The expressions in Toulmin and Barton are then
used to calculate log fS, (—7.3686) and log afls
(—0.2678). From the isothermal compressibility and
isobaric thermal expansion data given by Scott
(1973), the volumes of pyrite (24.167 cm®), pyrrhotite
(18.874 c¢m?®), FeS sphalerite (24.092 cm’®, from data
for ZnS sphalerite) and sulfur with the pyrrhotite
structure (15.129 cm?) are calculated at 400°C and
Skbar. If it is assumed that @t is not pressure depen-
dent, the equilibria:

FeS + 1/28, s FeS,
ey
pyrrhotite pyrite
and:
S s 1728, (2)
(in pyrrhotite) (in vapor)

may be used to obtain log fS,(—7.061) and a®l; (0.608)
at 400°C and Skbar, using the volumes calculated
above. This procedure is described in more detail in
Hutcheon (1978) and is not repeated here.

Table 1. The molar volumes of phases used in calculations

Phase Volume (cc) Source

Pyrite 23.94 Kullerud and Yoder (1959)

Troilite 18.20 Scott (1973)

Sphalerite (FeS) 24,033 Hutcheon (1978)

Sut fur {pyrrhotite structure} 14,456

Froese and Gunter (1976)

HUTCHEON: PYRITE-PYRRHOTITE-SPHALERITE

Having obtained a2, at the pressure and temper-
ature of interest, the free energy change for the equi-
librium:

FeS s
pyrrhotite

FeS ?3)
sphalerite

may be calculated from:
Gy =1239+0840T

The expression in Hutcheon (1978, p. 88) contains
a minus (—) sign which is a typographical error. Us-
ing the molar volumes, corrected by isothermal com-
pressibility and isobaric thermal expansion data, the
procedure outlined in Hutcheon (p. 91) is then used
to calculate a?2.5(0.209) by iterating for X3 (0.138) at
400°C and 5kbar. The value of y&s would be 1.514,
using the relationship a = y - X.

On Figure 1 the results of these calculations with
the expansion and compressibility data (solid lines)
and without these data (dashed lines) are shown. The
molar volumes at 25°C and 1 atm are shown in
Table 1. As pointed out by Scott (1973), the isobaric
thermal expansion data and isothermal compres-
sibility data are necessary to obtain a reasonable fit
to the published experimental values. A Fortran IV
program was written to perform these calculations
and copies can be obtained from the author.
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Apachite*, Gilalite*

F. P. Cesbron and S. A. Williams (1980) Apachite and gilalite, two
new copper silicates from Christmas, Arizona. Mineral. Mag.,
43, 639-641.

Both new species are retrograde or mesogene minerals that oc-
cur in tactites at the Christmas mine, Gila County, Arizona.

For apachite the average of two closely agreeing analyses gave:
Cu0 43.6, FeO 0.3, MgO 1.7, CaO 1.8, Si0, 40.8, H,O 13.8%, sum
102.0, close to CugSi O, - 11 H,O. Apachite is blue, H=2,D =
2.80. Biaxial (=), 2V small, a = 1.610, 8 = y = 1.650. No single
crystals were found, but the powder pattern was indexed on a
monoclinic cell with a = 12.89, b = 6.055, ¢ = 19.114, g = 90.42°;
strongest lines of the powder pattern are 13.49(10)(100), 7.663
(7)(102), 3.168(7)(401).

For gilalite the average of two closely agreeing analyses gave:
Cu0 36.2, MgO 2.3, CaO 3.8, MnO 0.5, SiO, 41.5, H,O 14.6, sum
98.8, close to CusSigO,; - 7H,0. Gilalite is green, H =2, D = 2.72.
Biaxial (=), 2V small, a = 1.560, 8 = y = 1.635. No single crystals
were found but the powder pattern was indexed on 2 monoclinic
cell with a = 13.38, b = 19.16, ¢ = 9.026A, B sensibly 90°; optics
indicate the lower symmetry. Strongest lines of the powder pattern
are 13.4(10)(100), 10.97(5)(110), 7.786(5)(120).

DTA shows a sharp loss of water at about 92°C for gilalite and
a smooth loss curve for apachite. A. P.

Cadmium

B. V. Oleinikov, A. V. Okrugin and N. V. Leskova (1979) Native
cadmium in traps of the Siberian Platform. Doklady Akad.
Nauk SSSR, 248, 1426-1428 (in Russian).

Native cadmium is reported from the heavy, non-magnetic frac-
tion of a concentrate from gabbro-dolerite of the Ust’-Khannin in-
trusive, eastern Siberian Platform, basin of the Vilui River. It was
found as flattened grains, max. size 0.2mm, with smooth surfaces.
Color tin-white with a bluish tint, luster metallic, malleable, dia-
magnetic. Probe analysis gave Cd 99-100% with no Zn or Sn. X-
ray powder data are given (9 lines); the strongest lines are 2.79(3),
2.55(4), 2.331(10). These are slightly smaller than the lines given in
JCPDS 5-0674. Unit-cell data are not given. Cadmium is hexago-
nal, P6;/mmc, a = 2.979, ¢ = 5.617A.

Associated minerals listed include moissanite, native Fe, Cu,
Pb, Sn, Zn, Al [Am. Mineral., 65, (1980)], alloys of Cu with Zn,
and Sn with Sb, garnet, spinel, kyanite, corundum, rutile, and sul-
fides of Fe, Cu, Pb, Sb, Zn, As, Hg.

* Minerals marked with asterisks were approved before pub-
lication by the Commission on New Minerals and Mineral Names
of the International Mineralogical Association.
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Discussion

No data are given on methods of separation or treatment. The
assemblage seems highly improbable, but more data are needed.
M. F.

Chukhrovite-(Ce), Rhabdophane-(Ce)

Kurt Walenta (1978) Chukhrovite-(Ce) and rhabdophane-(Ce)
from the Clara Mine at Oberwolfach, Middle Black Forest.
Chem. der Erde, 38, 331-339 (in German).

Chukhrovite-(Ce) occurs in white crystals up to a few mm on
fluorite. X-ray data show it to be cubic with a = 16.80+0.005A
(surprisingly, somewhat higher than for chukhrovite). Isotropic, n
= 1.443+0.002. The strongest X-ray lines (55 given) are
9.75(10)(111), 5.93(8)(220), 4.20(5)(400), 3.22(7)(333,511),
2.56(6)(633), 2.24(5)(642), 217(6)(731,553), 1.824(5)(842). No anal-
ysis is given. Electron microprobe analysis showed that Ce is
dominant, Nd next, with La, Pr, Sm, Gd, and Eu present.

Rhabdophane-(Ce) occurs in white to pale brown crystals, ag-
gregates of subparallel needles occurring in druses on barite, fluor-
ite, chalcopyrite, and tetrahedrite. Optically uniaxial, positive, w =
1.688, € = 1.744 (both £0.003) [both 0.03 higher than usually given
for thabdophane-(La)]. No analysis is given, but electron micro-
probe study showed Ce dominant, followed by Nd, La, Pr, Gd,
Sm, Er, and Eu. X-ray powder data are given (28 lines); the
strongest lines are 6.09(9)(1010), 4.41(8)(10T1), 3.51(7)(1120),
3.03(10)(2020), 2.83(9)(2.83(1012), corresponding to a = 7.01, ¢ =
6.40A, close to those for rhabdophane-(La).

Discussion

May be accepted provisionally. Nothing whatever is said of the
presence or absence of Y in either mineral; previous analyses of
chukhrovite are of chukhrovite-(Y), so the omission is a serious
one. M. F.

Comblainite*

Paul Piret and Michel Deliens (1980) Comblainite, (NiZ*, CoiZ,
(OH)(CO3)(1—x)2 - YH2O, a new mineral of the pyroaurite
group. Bull. Mineral., 103, 113-117 (in French).

Electron microprobe analyses were made of 2 samples, giving
C0,0, 20.80, 20.20; NiO 39.30, 38.40; UO; 4.24, 5.20; MgO (calc.)
0.30, 0.37; P,0s (calc.) 1.05, 1.29; H,O (calc) 1.07, 1.31, H,0O—
11.59, 8.69; (H,0+ + CO,) 21.29, 20.96, sum 99.64, 96.42%. MgO,
P,0s, and H,0 calc. were calculated from UOs, known to be pres-
ent as metasaleeite. TGA determinations (giving CO,, H,0+,
H,O—, plus oxygen corresponding to Co,0;—2Co00) gave 35.95,
32.79%, respectively. The valences of Ni and Co were determined
by ESCA spectra. The infrared spectrum shows bands for H,O0,
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OH-—, and (CO5)72. The thermogravimetric curves show losses to
175° of 12.66 and 10.00% (molecular H,0); the hydroxyl and CO,
are given off 250-340°. Inflections at 480° and 710° correspond to
the changes Co0,0, to Co3;0,4 and Co;0,4 to CoO. The analyses
give, respectively, NiZ{,C035¢(CO3);315(0H) 527+ 6.7 H,O, and
NiZ,C03%6(CO;)) 02(0H) 584 * 9.92 H,0.

The mineral is thombohedral, a = 7.796A, a = 22.47°, Z = 1; in
hexagonal setting @ = 3.038, ¢ = 22.79A, space group R3m, R3m,
R3, R3, or R32, D calc. for the 2 formulas above 3.16, 3.31, meas.
3.05+0.02. The strongest X-ray lines (16 given) are 7.64(100)(003),
3.808(50)(006), 2.567(70)(012), 2.778(50)(015), 1.934(40)(018). The
mineral is a member of the hydrotalcite group.

The mineral occurs as turquoise-blue cryptocrystalline crusts on
altered uraninite from Shinkolobwe, Zaire, associated with bec-
querelite, curite, rutherfordine, and heterogenite. Under the mi-
croscope, it is yellow-green, non-pleochroic, with o’ = 1.690, ¢ =
1.684 (both +0.002).

The name is for Gordon Comblain, of the Musee Royal de
I’Afrique Central, Tervuren, Belgium, who discovered the min-
eral. Type material is at that museum. M. F.

Defernite*

Halil Sarp, M. F. Taner, Jacques Deferne, Helene Bizouard and
B. W. Liebich (1980) Defernite, Cas(CO;),(OH,Cl)g - nH,0, a
new calcium chloro-hydroxyl carbonate. Bull. Mineral.,, 103,
185-189 (in French).

Electron microprobe analysis (average of 18 analyses on 3 sam-
ples) gave Ca0 62.9, SiO, 1.2, CO, 13.4, C13.3, total 80.8 — (O =
Cl,) 0.74 = 80.06, H,O 19.94% by difference, corresponding to
Ca;s 2(C0O3), 52(5104)0.((OH);3,Clo47 - 1.87 HyO, or Cag(CO;),
(OH,Cl)3 - 2H,0, or Ca3(CO;)(OH,Cl1), - H,O, for which Z = 8.
Dissolved by cold HC1 with effervescence.

Weissenberg and precession study show defernite to be ortho-
rhombic, space group Pna2, or Pnam, a = 17.860, b = 22,775, ¢ =
3.658A, D calc. 2.42, meas. 2.5. The strongest X-ray lines (30
given) are 11.37(100)(020); 8.29(35)(210); 5.68(30)(040);
3.045(40)(270,141); 2.899(50)(460); 2.418(35)(531,730); 1.962(35);
1.825(40).

The mineral occurs in fan-shaped forms 100-200 microns in
size. Colorless, luster vitreous. Cleavage {010} perfect, {100} dis-
tinct. Forms {001}, {100}, {010}, {101}, {201}. Optically biaxial,
neg., a = 1.546, B = 1.572, y = 1.576 (all +£0.001), 2V = 42°; dis-
persion r < v, medium; X = ¢, Y = b.

The mineral occurs in skarn at the contact of granite with Cre-
taceous limestone near Giineyce-Ikizere, Trabson region, Turkey.
Associated minerals include vesuvianite, wollastonite, andradite,
diopside, calcite, rustumite, spurrite, and hillebrandite.

The name is for Jacques Deferne, Curator of Mineralogy, Mu-
seum d’Histoire Naturelle, Geneva, Switzerland, where type mate-
rial is deposited. M. F.

Fluckite*

Hubert Bari, Fabien Cesbron, Francois Permingeat and Francois
Pillard (1980) Fluckite, hydrated calcium manganese arsenate,
CaMnH,(AsO,), - 2H,0, a new mineral. Bull. Mineral.,, 103,
122-128 (in French).

Michele Catti, Giacomo Chiari and Giovanni Ferraris (1980)
Fluckite, CaMn(HAsOQ,), - 2H,0, a structure related by pseudo-
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polytypism to krautite, MnHAsO, - H,O. Bull. Mineral., 103,
129-134.

Microprobe analyses of deep rose and pale rose varieties gave,
respectively, As,Os 50.40, 50.49; CaO 13.01, 12.86; MnO 13.68,
16.65; FeO 0.11, 0.05; CoO 0.59, 0.03; NiO-, 0.03; MgO 0.93, —.
Analysis of pale rose material by atomic absorption by B. Reynier
on 80 mg gave As,O5 56.60, CaO 12.98, MnO 17.17, MgO 0.04,
H,O (Penfield) 13.20, sum 99.99%. Analysis by J. Hucherot on
material from the Giftgrube gave As,O5 574, CaO 13.6, MnO
16.8, MgO 0.3, H,O 13.3, sum 101.4%. All these lead to the for-
mula Ca(Mn,Mg,Co)(HAsO,), - 2H,0. The DTA curve shows an
endothermic break at 260° (dehydration).

The mineral is triclinic, P1, a = 8.459+0.002, b = 7.613+0.001,
¢ = 6.98+0.001A, o = 82.21£0.01, 8 = 98.25+0.01, y =
95.86£0.02°; Z = 2; D calc. 3.11, measured 3.05+0.02. The strong-
est X-ray lines (36 given) are 8.323(44)(100), 7.512(100)(010),
3.767(56)(210,020), 3.528(90)(120,210), 3.266(91)(012),
2.975(81)(012), 2.688(61)(220), 2.671(43)(310).

The mineral is colorless to pale rose to deep rose. It occurs as ra-
diating prismatic crystals with {100}, {110}, and {010} dominant
and 6 other faces. Cleavages {010} perf., {100} easy, {101} diffi-
cult and imperfect. H = 3%.-4. Optically biaxial, probably positive,
2V large, o’ = 1.618, ' = 1.642.

The mineral was found at the 60 m. and 100 m. levels of the
Gabe Gottes—-Saint Jacques vein at Sainte Marie-aux-Mines,
Vosges, France, associated with pharmacolite and picropharmaco-
lite. The name is for Pierre Fluck, mineralogist, Louis Pasteur
University, Strasbourg. M. F.

Giniite*
Paul Keller (1980) Giniite, Fe*?Fe}*(H,0),(OH),(PO,)s, 2 new

mineral from the pegmatite of Sandamab near Usakos, Nam-
ibia. Neues Jahrb. Mineral. Monatsh., 49-56 (in German).

Microprobe analysis (H,O by GA), using analyzed wyllieite as
standard, gave P,O;s 36.99, Fe,O; (total Fe) 46.07, AL,O, 1.20,
MgO 0.68, MnO 0.63, H,O 6.45, sum 92.02%. The pleochroism
and blue-green color indicate the presence of both Fe?* and Fe**;
the molecular weight from the unit cell dimensions suggests the
formula Fe2*Feit, (H,0),,(OH);_,(PO,),. Dehydration showed
a loss of 4.0% to 330°, corresponding to 2H,0, and a further loss
of 2.4% at 510°. The formula then becomes, with x = 1, Fe?*
Fed*(PO,),(OH), - 2H,0.

X-ray study showed giniite to be orthorhombic, space group
Cmm2, C222, or Cmmm, a = 10.365, b = 26.582, ¢ = 5.162A, Z =
4, D calc. 3.42, meas. 3.41.

The strongest X-ray lines (22 given) are 3.36(10)(260,061),
3.20(7)(330,241), 2.80(5)(261,081), 2.28(6)(371,421), 2.04(7),
1.679(6), 1.604(7).

The mineral occurs in idiomorphic crystals with {010}, {150},
and {041} dominant, present also {310}, {001}, {100}. Crystals
are up to 0.5%0.2X0.05Smm. Color blackish-green to blackish-
brown, streak olive, luster vitreous to greasy. No cleavage, fracture
conchoidal; H 3—4. Optically biaxial neg. 2V ~ 55°. a = 1.775, 8 =
1.803, y = 1.812; pleochroic, X = ¢, light brown, y = b, dark
brown, Z = a, dark blue green.

The mineral occurs in pegmatite at Sandamab near Usakos,
Namibia, associated with hureaulite, tavorite, leucophosphite, and
an unknown phosphate, formed by the alteration of triphylite. The
name is for the author’s wife. M. F.
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Helmutwinklerite*

Giinter Schnorrer-Kéhler (1980) Koritnigite and helmutwinkler-
ite, two new minerals from Tsumeb, S. W. Africa. Aufschluss,
31, 4349 (in German).

Microprobe analysis (H,O by Karl Fischer method) gave (aver-
age): As,Os 34.35, PbO 31.28, ZnO 27.50, CuO 1.48, H,O 6.14,
sum 100.75%, corresponding to Pb, ¢Cug ,,Zn, ,;AS; 9,05
2.19H,0, or PbZn,(AsQ,), - 2H,0. Dissolved by cold concen-
trated HCl. 5

Triclinic, pseudo-monoclinic, P1 or PI. Forms {001}, {010},
{170}, and {11T}. Color sky-blue. G = 5.3, H = 4%, a = 1.72(5), B
= 1.80(5), y = 1.98(5); biaxial positive. Luster vitreous to resinous.
No cleavage. The mineral occurs in cavities in tennantite, associ-
ated with quartz and willemite.

The name is for Helmut Winkler, University of Gottingen. MLF.

Jungite*, Matulaite*

P. B. Moore and Jun Ito (1980) Jungite and matulaite, two new
tabular phosphate minerals. Aufschluss, 31, 55-61 (in German).

Jungite

Analysis by J. 1. gave P,05 31.0, AL,O; 0.08, Fe,0; 28.4, ZnO
14.6, MgO 0.06, MnO 2.80, CaO 5.89, Na,O 0.04, K,O 0.01,
H,0— (180°C) 9.10, H,O+ (loss on ign.) 8.70, sum 100.68%, corre-
sponding to Ca,Zn,Fed*(PO,)s(OH), - 16H,0.

X-ray data show it to be orthorhombic, possible space groups
Pcmm, Pcm2,, or Pc2m, a = 11.98, b =20.37, ¢ =995A,Z=2.D
calc. 2.849, meas. 2.843. The strongest lines (50 given) are
9.96(6)(10)(020), 5.09(5)(040), 3.79(4), 3.37(5)(060), 3.30(5).

The mineral occurs as rosettes up to 1 cm in diameter of very
thin, tabular, bent crystals. H = 1. Cleavage perfect {010}. Color
dark green, streak yellow. Luster silky to vitreous. Optically biax-
ial, neg.(?), B = 1.658, y = 1.664, 2V ~ 60°, Y=a, Z=c, r<v
strong. The mean n, calculated by the Gladstone-Dale rule, is
stated (without comment) to be 1.703.

The mineral occurs at the Hagendorf South pegmatite, Bavaria,
associated with mitridatite and manganese oxides. The name is for
Dr. Gerhard Jung, who found the mineral.

Matulaite

Analysis of material from Hellertown gave P,0; 33.5, SiO, 3.0,
TiO; 0.12, Al,O; 34.0, Fe,0; 1.05, ZnO 0.14, CuO 0.09, MnO
0.07, CaO 1.59, BaO 0.06, Na,0 0.06, X,0 0.04, H,0— (140°C)
15.39, H,O+ (loss on ign.) 10.64, sum 99.75%. After subtracting
quartz and hematite, this gives CaAl;z(PO,);2(OH),, - 28H,0.
Difficultly soluble in HCI, easily in hot H,SO,.

Weissenberg and rotation photographs show matulaite to be
monoclinic, space group probably P2,/c, a = 20.4, b = 16.7, ¢ =
10.6A, B = 98.2°, Z = 2. The strongest X-ray lines (38 given) are
9.96(10), 6.37(4), 4.42(4), 2.395(4). A sample ground in acetone
gave strongest lines 11.79(100), 10.93(90), 5.94(10), 5.51(80).

The mineral occurs in small rosettes of thin tabular crystals and
botryoidal forms. Cleavage {100} very perfect. Colorless to white,
luster pearly. H = 1; D = 2.330. Optically biaxial, neg., 2V ~ 60°,
B =1.576, y = 1.582; dispersion r < v strong, Y = b, Z:c = 8°. The
mean index, calc. from the Gladstone-Dale rule, is stated to be
1.542.

The mineral occurs at the Bachman iron mine, Hellertown,
Pennsylvania (type locality), and from the Rotldufchen iron mine,
Waldgirmes, West Germany, at both of which it occurs as in-
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crustations on chert, the youngest mineral of the association ber-
aunite, rockbridgeite, dufrenite, cacoxenite, strengite, wavellite.
Also occurs at the LCA pegmatite, Gaston Co., N. Carolina.

The name is for Mrs. Marge Matula of Allentown, Pa., who
found the Hellertown material. MLF.

Kolwezite*

Michet Deliens and Paul Piret (1980) Kolwezite, an hydroxy-
carbonate of copper and cobalt, analogous to glaukosphaerite
and rosasite. Bull. Mineral., 103, 179-184 (in French).

Analysis (Cu, Co by X-ray fluorescence, CO, volumetric, H,O
+ CO; by TGA) gave CoO 2298, CuO 48.40, CO, 19.44, H,0
8.78, sum 99.60%, corresponding to (Cu, 33C0067)(CO3)0.08
(OH); o7 or (Cu,Co0),(CO;)(OH), with Cu:Co = nearly 2:1. The
DTA curve showed a small endothermic break at 110°, a large one
at 425°, (loss of CO,), and a small one at 560°C (comversion of
Co0,0; to Co30,). The infrared absorption curve is very similar to
that of rosasite and somewhat similar to that of glaukosphaerite.

X-ray powder data are given; they correspond to a triclinic cell
with @ = 9.50, b = 12.15, ¢ = 3.189A, a = 93.32°, 8 =90.74°, y =
9147°, Z = 4. D 3.94 calc,, 3.97 meas. The strongest lines (31
given) are 6.04(80)(020); 5.08(80)(120); 3.70(100)(220);
2.956(50)(111); 2.951(80)(211); 2.535(50)(211); 1.109(50).

The mineral occurs in the oxidized zone of the Cu-Co deposit
of Kolwezi-Kamoto-Musonoi, southern Shaba, Zaire, as nodules
(1-10 mm) and microcrystalline crusts. H near 4, color black to
beige, o/ = 1.688+0.002, v > 1.90.

The name is for the locality. Type material is at the Musee
Royal Afrique Centrale, Tervuren, Belgium. M.F.

Kuramite*

V. A. Kovalenker, T. L. Evstigneeva, N. V. Troneva and L. N.
Vyal’sov (1979) Kuramite, Cu;SnS,, a new mineral of the stan-
nite group. Zap. Vses. Mineral. Obsh., 108, 564-569 (in Rus-
sian).

Microprobe analyses of 5 samples gave Cu 36.54, 36.74, 36.25,
36.70, 40.10; Fe 2.94, 2.39, 2.84, 2.21, 1.43; Zn 1.73, 2.17, 2.50,
2.10, 0.91; Sn 30.05, 30.92, 29.50, 31.77, 28.36; In 0.21, 0.31, 0.33,
0.24, 0.51; S 28.02, 27.65, 28.04, 27.86, 27.75, sum 99.50, 100.18,
99.46, 100.87, 99.06%. These correspond to Cu, ¢o(Cu,Fe,Zn)SnS,
with Cu 2.56-2.83, Fe 0.12-0.24, Zn 0.06-0.17, Sn 1.06-1.17, In
0.01-0.02, S 3.88-3.92. This is a member of the stannite
(CujFe?*SnS,)-kesterite(Cu3Zn?>*SnS,) series, the end member
being CuiCu?*SnS,.

Kuramite is tetragonal, space group I42m, a = 5.445+0.005, ¢ =
10.75+£0.02A, Z = 2. The strongest X-ray lines (11 given) are
3.13(10)(112), 1.914(8)(024,220), 1.640(6)(132), 1.108(4)(244).

Under the microscope neutral gray. Distinctly anisotropic, with
color effects in brown shades. Reflectivity (R,,., and R’e): is given
at 16 wave lengths, at 460nm, 25.3, 25.2; 540, 26.5, 28.7; 580, 26.7,
29.5; 640, 26.5, 28.0%. H (20g load) 379-432, av. 390 kg/sq mm on
grains of analyses 1-4; 301-372, av 333 kg/sq mm on grain 5
(highest Cu content).

The mineral occurs in gold-sulfide—quartz ores in a deposit in
the Kuramin Mits., eastern Uzbekistan, as inclusions 5-80 microns
in diameter within goldfieldite, which also contains inclusions of
hessite, petzite, sylvanite, altaite, native Au, and other minerals.

The name is for the locality. Type material is at the Mineral-
ogical Museum, Academy of Sciences, and in the Institute of Ore
Deposits, etc. (IGEM), both in Moscow. MLF.
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Partheite*

Halil Sarp, Jacques Deferne, Helene Bizouard and B. W. Liebich
(1979) Partheite, CaAl,8i,O; - 2H,0, a new natural silicate of
aluminum and calcium. Schweiz. Mineral. Petrog. Mitt., 59, 5-
13 (in French).

Electron microprobe analyses (standards, analyzed vuagnatite,
wollastonite, albite, orthoclase) gave SiO, 40.24, 38.83, 38.10;
ALO; 31.99, 30.46, 29.68; CaO 16.38, 16.31, 16.22; Na,O 0.32,
0.32, 0.32; K,0 0.23, 0.23, 0.23; H,0 10.83, 13.85, 15.45%, corre-
sponding to the formula above.

Weissenberg photographs show partheite to be monoclinic,
space group probably C2/¢, a = 21.59, b = 8.78, c = 9.31A, B =
91.47°, Z = 8; D calc. 2.37, meas. 2.39. The strongest X-ray lines
(36 given) are 10.79(100)(200), 8.12(80)(110), 6.10(70)(111),
3.740(50)(221), 3.600(40)(312,51T), 3.190(40)(022).

Partheite occurs as white fibers of vitreous luster in rodingite of
the Taurus Mits., S. W. Turkey. Associated minerals are prehnite,
thomsonite, and augite. The mineral is optically biaxial, positive,
2V = 48°, a = 1.547, B = 1.549, y = 1.559 (all £ 0.001); r > v med.,
elongation negative, extinction 23-30°, XA elongation; cleavage
distinct parallel to fibers.

The name is for Edwin Parthé, Professor of Crystallography,
University of Geneva. M.F.

Pianlinite
Liu Changling, Liu Deye, Zhang Fu, Li Jinsheng, Sun Weijun
and Lu Wenhan (1963) Pianlinite, a new clay mineral species.
Kexue Tongbao, 10, 59-62 (in Chinese). Liu Changling (1979)
New data on pianlinite. Kexue Tongbao, 24, 553-555 (in Chi-
nese).

Chemical analysis gave Al,O, 42.63, SiO, 50.10, TiO, 0.32,
Fe,0; 0.10, FeO 0.50, CaO 0.06, MgO 0.09, K,0 0.06, Na,0 0.03,
ZrO, 0.008, MnO tr, P,O5 0.005, H,O+ 4.55, H;O— 1.63, sum
100.083, corresponding to AL,Oj; - 28i0, - H,0.

The mineral is almost X-ray amorphous and gives many lines
on long exposures. The X-ray pattern of the better crystallized va-
riety is characterized by the lack of very intense lines and of low-
angle lines. The strongest lines (30 given) are 4.62(3, diffuse),
3.37(3), 2.56(7), 2.42(5), 2.21(6), 1.53(4), 1.48(3), 1.27(5), 1.25(3),
0.967(3), 0.846(4). Powder patterns for materials heated to 950°,
1245°, and 1385°C are also given. Powder and single-crystal elec-
tron diffraction studies show the mineral to be neither amorphous
nor crystalline (no details given, GYC). The mineral is considered
to be “semi-crystalline” due to strong c-axis disorder as in meta-
kaolinite. Diffractometer tracings of coarsely crushed material
(1963) show a broad peak centered at 15° 20 and two sharp peaks
at 2.016 and 2.336A, thought to be due to preferred orientation ef-
fect.

The mineral is pure white and grayish white with vitreous luster
to gray and earthy. The mineral occurs as dense massive aggre-
gates that are brittle, hard (6-7), with uneven to subconchoidal
fracture. The true density is 2.45 g/cm®. In thin section, the aggre-
gates are mostly phanerocrystalline, displaying colloform, myrme-
ketic (up to 2mm), petal-like, and fine to coarse scaly structures.
The mineral is colorless. Some specimens are weakly pleochroic
with X = colorless, Z = pale yellow. The mineral has a perfect
(001) cleavage and shows straight extinction with the cleavage par-
allel to the vibration direction of the slow ray. a = 1.532(2), 8 =
1.539(4), y = 1.541(4), (£) 2V = 0° to 5° or less. Electron micros-
copy shows the crystals to be irregular to nearly hexagonal plates.
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DTA curve shows endothermic peaks at 144° (weak and broad)
and 892° (weak and may be absent) and exothermic peaks at 950°
(sharp and strong, crystallization of Al-Si-spinel) and at 1245°C
(weak, crystallization of mullite and cristobalite). TGA curve
shows a small initial weight loss to 100°, followed by a slow one-
stage major weight loss to 500°C.

The infrared spectram of pianlinite is similar to that of meta-
kaolinite heated to 900°C, except the presence of the O-H stretch-
ing band at 3100-3700~" and the absence of fine structures in the
600-1400cm ! region of the former.

The mineral occurs as a monomineralic clay bed (less than 1m
in thickness) in an Upper Carboniferous sedimentary formation in
Pianling, China. Accessory minerals in the clay bed are quartz,
zircon, mica, rutile, augite, garnet, epidote, ilmenite, gibbsite, hal-
loysite, kaolinite, and ferromontmorillonite. The name is for the
locality.

Discussion

The data show the mineral to be unique. The non-crystalline
nature and the thermal behavior of the mineral are similar to those
of allophane but it may be distinguished from allophane by its
lower water content and higher refractive indices and density. It
may also be distinguished from the minerals of the kaolinite group
by its lower water content and the characteristic absence of a well-
defined endothermic reaction at 500°-700°C on its DTA curve.
However, the sharp reflections of 2.016 and 2.336A, observed on
the diffractometer tracings of the nearly amorphous material, do
not match the X-ray lines given for the better crystallized material,
suggesting the presence of another phase. Further study of the
mineral, especially on its homogeneity and the range of composi-
tion variations, is desirable. The mineral should not have been
given a name at the present stage (see Bailey, ‘Can. Mineral., 18,
143-150, 1980). G.Y.C.

Ruarsite

Tsu-hsiang Yu and Hsueh-tsi Chou (1979) Ruarsite, 2 new min-
eral. Science Bulletin (Ko’Hsueh Tu’ng Pao), 24, 310-316 (in
Chinese).

Ruarsite is reported as a new mineral found in heavy mineral
concentrates from and in polished sections of chromium ore from
an Alpine-type ultramafic, northern Tibet, as well as in placers de-
rived from the weathered ultramafics. Eight probe analyses for
seven grains gave Ru 42.45 (35.74-49.84), Os 5.94 (nil to 14.84), Ir
1.67 (nil to 2.8), Pt 0.07 (nil to 0.32), Cu 0.00 (nil to 0.01), As 36.25
(33.09-39.2), Sb 0.00 (nil to 0.01), and S 14.08 (13.7-15.0); sum
100.36 (98.3-102.3), corresponding to an average of
(R 913050048170 018P10.001)AS1 05050.934 OT, ideally, RuAsS. An X-
ray powder pattern (43 lines, plus 7 lines ascribed to laurite and
irarsite) of a ruarsite grain, of composition (Ruggos
08.168170.025Pto 003)AS| 00450 981, Was indexed as monoclinic, a =
5.931, b = 5.915, ¢ = 6.003A, B = 112°27" which corresponds with
data for synthetic RuAsS (Hulliger, Nature, 201, 381-382, 1964).
The strongest lines are: 3.79(50)(T11), 2.77(100)(002), 2.74(200),
1.890(70)(302), 1.870(90)(311), 1.695(90)(131) 1.660(60)(202),
1.580(50)(103) and 1.149(50)(340).

Ruarsite occurs as irregular grains or as aggregates (100-150
um). It is lead-grey to dark-lead grey with a metallic lustre and a
rough-textured surface. The streak is greyish black; it is brittle,
non-magnetic and is not soluble in 1: 1 HCL In polished sections it
is greyish white, pale yellow next to irarsite or laurite. The mineral
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polishes reasonably well, better than irarsite and laurite. It is bire-
flectant, in oil; pleochroism varies from pale yellowish white to
light greyish yellow-white. The mineral is distinctly anisotropic;
with nicols 1-2° off 90° bluish grey to light-reddish. Reflectance
on a grain with minor Os gave: 42.0, 43.0, 42.5 (480 nm), 42.6,
43.8,42.73 (546 nm), 42.9, 43.3, 42.6 (589 nm), and 43.4, 44.3, 43.3
(656 nm), and on a grain with 14% Os: 43.4 (480 nm), 44.1 (546
nm), 43.8 (589 nm) and 45.1 (656 nm). VHN,, = 982.1-1030.2 for
two low-Os grains while the grain with 14% Os gave VHN,, =
804, VHN,, = 893, and VHN , = 734. Internal reflection, cleav-
age and twinning were not observed. In the Cr-ore associated
platinum-group minerals are iridosmine, ruthenian iridosmine (=
rutheniridosmine?), sperrylite, and laurite; the latter occurs as rel-
ics in ruarsite. The principal metallic minerals of the ore are Cr-
spinel (85-95%) with minor pyrite, pyrrhotite, loellingite, magnet-
ite, chalcopyrite, molybdenite, galena, and millerite found in the
interstices of the Cr-spinel. Principal gangue minerals are serpen-
tine with minor chlorite. In the placer deposits, which occur on the
western part of the ultramafic, the major PGM are Os-Ir-Ru al-
loys, such as ruthenosmiridium (or osmiridium?), iridosmine,
(Pt,Ir) alloy, (Ru,Fe) alloy, osmium, gold, trace amounts of
sperrylite, and the heavy minerals chromite, magnetite, ilmenite,
rutile and garnet. The ruarsite occurs on the peripheries of some
Os-Ir minerals, closely associated with PG-sulfide, -sulfarsenide
or -arsenides which occur as exsolutions in the Os—Ir-Ru alloys as
well as inclusions in sperrylite and replacing irarsite and laurite. In
addition to ruarsite, ruthenarsenite, irarsite, platinian irarsite, iri-
darsenite, and anduoite (4m. Mineral., 64, 464, 1979) occur with
these sulfarsenides and sulfides.

The mineral is named after its composition, as were osarsite and
irarsite. Type specimens of ruarsite are deposited in the Museum
of Geology.

Discussion

A very complete description of a new mineral species. L.J.C.

Schlossmacherite*

K. Schmetzer and H. Bank (1979) Schlossmacherite, a new min-
eral, named for Prof. Dr. Karl Schlossmacher, honorary presi-
dent of the German Gemmological Society. Z. deutsch. gemmol.
Ges., 28, 131-133 (in German).

A preliminary report. Analysis gave SO; 29.3, As,Os 13.4,
Al,05 36.3, Fe,0; 0.6, CaO 3.5, SrO 0.3, BaO 0.3, K,0 0.5, Na,O
0.5, H,0~15, sum 100.9%, corresponding to the formula
(H,0,Ca)Al;(80,4,As50,),(0OH)s with H;0>Ca and SO,>AsO,. It
is a member of the beudantite group.

The mineral is hexagonal, [trig(?)MF], a = 6.998, ¢ = 16.674;
strongest X-ray lines 4.92(70), 2.98(50), 2.96(100). Av. n = 1.597.

The mineral occurs with ceruleite and chenevixite at the Emma
Luisa mine, Guanaco, Chile. M.F.

Silver-4H, Silver-2H, Silver-3C

M. L. Novgorodova, A. I. Gorshkov and A. V. Molkhov (1979)
Native silver and its new structural modifications. Zap. Vses.
Mineral. Obsh., 108, 552-563 (in Russian).

Electron diffraction patterns of native silver from northeastern
USSR showed, in addition to cubic silver, a = 4.08A, the presence
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of two hexagonal forms, Ag-4H (@ = 2.94, 2.93, 2.88; ¢ = 10.11,
10.18, 9.62A; D calc. = 9.53) and Ag-2H (a = 2.94, 2.93, 2.92; ¢ =
4.80, 4.79, 4.774; D calc. = 10.11). X-ray powder data are given.
Microprobe analyses of 6 samples by A. I. Tsepin showed Ag
98.21-99.93, Au 0.04-0.33, Sb 0.04-0.37, Bi 0.18-0.26, Cu up to
0.50, and traces of Fe, Cr, and Ni. M.F.

Sinjarite*

Z. A. Aljubouri and S. M. Aldabbagh (1980) Sinjarite, a new min-
eral from Iraq. Mineral. Mag., 43, 643-645.

A hygroscopic, soft, pink mineral was discovered in the dry bed
of an intermittent stream in Sinjar town, west of Mosul city. Wet-
chemical analysis gave Ca 25.84, Cl 46.64, H,O 26.55, Na 0.85%,
sum 99.88; trace elements K 226 ppm, Mg 5 ppm, Sr 141 ppm, Fe
9 ppm. The X-ray powder pattern agrees well with that recorded
for CaCl, - 2H,0O (JCPDS card 1-0989). The mineral is granular
(massive), white streak, vitreous to resinous luster; H = 1%. Elon-
gated prismatic crystals have parallel extinction and positive elon-
gation, n = 1.54.

It may be assumed that sinjarite has been precipitated within
recent sediments from the slow evaporation of ground water satu-
rated with Ca and C! ions. The mineral is ephemeral, and dis-
solves quickly during wet seasons. Alternatively, because of its
hygroscopic nature it may change to the hexahydrate
CaCl, - 6H,0, which melts at 30°C and will not survive hot sea-
sons. A.P.

Tarnowskite (= Tarnowitzite)

Maria Czaja (1978) New data on tarnowskite (tarnowitzite) from
Tarnowskie Gory. Mineral. Polonica, 9, 89-96.

Tarnowitzite was named by Breithaupt for the locality in Upper
Silesia. The Polish name is Tarnowskie Gory. Electron micro-
probe analyses showed Pb 2.93-4.60%; X-ray and infrared data are
given.

Discussion

Unnecessary name for plumboan aragonite. M.F.

Unnamed analogue of schoenfliesite

N. K. Marshukova, G. A. Sidorenko and N. I. Chistyakova (1978)
On natural hydrostannates. New Data on Minerals of the
U.S.S.R., 27, 89-95 (in Russian).

The Mushiston tin deposit, Central Asia, contains stannite-
chalcopyrite-sphalerite—galena mineralization. The stannite has
been altered to fine-grained earthy aggregates of brownish-green
color. X-ray study showed the mineral to be cubic, a =
7.71x0.02A. The strongest lines (17 given) are 3.840(10)(200),
2.719(8)(220), 1.722(6)(420). Microprobe analyses of 5 grains gave
the formulas:

(Cug gsFeg 3120 14)Sng 57(OH), - 2.95 H,O
(Cug 52Fep.40Zn0 26)Sn0 82(OH)s - 2.50 HO
(Cug41Fep31Zng25)80) 25(OH)s 79
(Cuyg soFep23Zng 41)Sn 16(OH)s 6o
(Cug 28F€0 4270 36)Sn0g 55(OH)g 0o
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Discussion

Note that the first four of these have Cu dominant; the last has
Fe dominant. Material with Fe dominant had previously been de-
scribed by Grubb and Hannaford, Mineralium Deposita, 2, 148-
171(1966) and by Geier and Ottemann, abstract in Am. Mineral.,
56, 1488 (1971). MLF.

Unnamed chlorite

F. Radke, P. K. Schultz, and R. N. Brown (1978) Zinc-rich chlo-
rite from Chillagoe, Queensland. Amdel Bull., no. 23, 25-28.

Drill cores in chloritized andesites and skarns have veins with
calcite, quartz, and fibrous green chlorite. Analyses show ZnO
6.0-30.5%. Microprobe analysis by P.K.S. gave SiO, 32.0, Al,O,
12.4, FeO (total Fe) 12.9, ZnO 30.5, MgO 4.6, MnO 0.15, CaO 1.0,
sum 93.5%, corresponding to (Zmn, 4 Fe, 4Mgo7,Cag  \Mng o,
Alp 19)Al(Si; s5Alg 48)O0 1o(OH)s. The strongest X-ray lines (9 given)
are 14.2(8), 7.15(10), 3.57(4), 2.66(3), 1.54(4). The mineral had « =
1.582, y = 1.614. M.F.

Unnamed Na,HPO,, unnamed Na,HPO, - 2H,0

A. P. Khomyakov and Yu. P. Men’shikov (1979) Identification of
Na,HPO, and Na,HPO, - 2H,0 in the products of alteration of
natural natrophosphate. Dokl. Akad. Nauk SSSR, 248, 1207-
1211 (in Russian).

Natrophosphate was described [see Am. Mineral., 58, 139
(1973)] as NagH(PO,),F - 17H,0, and is here stated to be
Na;(PO,),F - 19H,0. Material from Mt. Karnasurt, Lovozero
massif, and from Yukspor and Koashva, Khibina massif, is altered
to dense, porcelain-like, or friable powdery aggregates of snow-
white color, with dull luster. X-ray powder data show that these
consist of mixtures of villiaumite (NaF), Na,HPO, (ASTM 10-
184), and Na,HPO, - 2H,0 (ASTM 1-0232). M.F.

Unnamed V mineral of the montmorillonite group

M. Giiven and W. F. Hower (1979) A vanadium smectite. Clay
Minerals, 14, 241-245.

Analysis of material saturated with Na, then dried to constant
weight at 105°C, gave Si 18.78, V 20.90, Al 2.52, Mg 0.93, Fe 0.92,
Ca 0.62, Na 3.09%. This can be calculated as V3+ and Fe2* or as
V4 and Fe** respectively, giving Si0, 40.18, V,0; 30.75 or V,0,
34.03, AL,O, 4.76, MgO 1.54, FeO 1.18 or Fe,0, 1.32, CaO 0.87,
Na,O 4.26, loss on ign. 14.92, sum 98.46 or 101.88%.
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The X-ray diffraction pattern of the oriented <2 micron fraction
shows a very strong reflection 15.0+0.1A. The material saturated
with Na has a basal spacing of 12.6+0.1A, which expands to
16.7+0.1A on saturation with glycol. Randomly oriented powder
indicated b = 9.02+0.2A. SEM photographs are given. M.F.

NEW DATA
Metavivianite = partly oxidized vivianite (?)

Jean-Francois Poullen (1979) New data on vivianite and metavi-
vianite. C. R. Acad. Sci. (Paris), 289D, 51-52 (in French).

Metavivianite was described in Am. Mineral., 59, 896-899
(1974) as the triclinic dimorph of monoclinic vivianite. The pres-
ent note, without giving any data, states that powder data, single-
crystal study, and infrared study of metavivianite from the Yukon
show that they are identical with those of naturally or artifically
oxidized vivianite.

Discussion

Since Poullen did not examine type metavivianite from South
Dakota, his conclusions have no standing. M.F.

DISCREDITED MINERALS
Hydrophilite
M. H. Hey (1980) What was hydrophilite? Mineral. Mag., 43, 682.

Hydrophilite was described by J. F. L. Hausmann (Handb. Min-
eral., 875, 1813), as a coating on gypsum from the Liineburg bora-
cite deposit. He reported its constitutents to be calcium chloride
and water, and that it is hygroscopic, deliquescent, very soluble in
water, soluble in alcohol, and has an intensely bitter taste. Hydro-
philite was evidently one of several hydrates of CaCl,, and may
have been an early find of antarcticite (6H,0O) or sinjarite (2H,0),
but remains undefined. A.P.

Slavyanskite = Tunisite

A. S. Povarennykh (1979) Slavyanskite. Mineralog. Zhurnal, 1, no.
2, 105-106 (in Russian).

Slavyanskite, described as CaAl,O, - 8-84H,0 (4m. Mineral.,
63, 599, 1978) is shown by infrared spectrum to be a carbonate. Its
X-ray and optical data correspond closely to those of tunisite (4m.
Mineral., 54, 1-13, 1969), described as HNaCa,Al,(CO5)4(OH),o.
In a footnote, Povarennykh states, without giving his evidence,
that the correct formula for tunisite is CaAl,(CO,),(OH),. M.F.
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BOOK REVIEWS

CHALCOPYRITE—ITS CHEMISTRY AND METALLURGY.
By Fathi Habashi. McGraw-Hill, Inc.,, New York, 1978. 165
pages. $24.50.

This book, as stated by the author, is meant to serve as a litera-
ture review restricted to the chemical behavior and treatment of
the most abundant copper-bearing mineral, chalcopyrite. It con-
tains twelve chapters of which the first (7 pages) mentions the nat-
ural occurrence of this mineral, the present methods of its treat-
ment, the drawbacks inherent in these methods, and the attempts
being made to improve copper extraction. It concludes that hydro-
metallurgical methods must be developed to avoid air pollution.
Chapter 2 (5 pages) discusses flotation, chapter 3 (10 pages) deals
with structure and physical properties, chapter 4 (17 pages) cites
data pertaining to the thermal stability of this mineral. Chapter 5
(17 pages) discusses thermal oxidation and chapters 6 and 7 (48
pages) deal with aqueous oxidation. Chapter 8 (12 pages) is de-
voted to reduction, chapter 9 (2 pages) to chlorination, chapter 10
(5 pages) to electrolytic reactions and chapter 11 (5 pages) to mi-
nor and trace metals in chalcopyrite. The final chapter (1 page)
concludes that future chalcopyrite metallurgy will be directed to-
ward acid pressure leaching of flotation concentrates at about
110°C and lists nine advantages of such procedures over other
methods such as conventional smelting. The book also contains
two appendices; the first (5 pages) lists world primary copper smel-
ters and the second (2 pages) provides references to discussions of
the chemistry and metallurgy of copper in the eight-volume (Sys-
tem Number 60) Gmelin’s Handbook of Inorganic Chemistry.

The book in addition has a 5-page author index and a 9-page
subject index. Although the list of references includes about 400
items, it is by no means complete. Much information in print has
not been included, for instance pertaining to the thermal stability
and solid solution field of the chalcopyrite phase. There are no
data on the effect of pressure on polymorphic inversions and struc-
tural stabilities. The reader might understand why the author
could not present detailed information on copper and iron sulfides
such as covellite, blue-remaining covellites, anilite, digenite, djur-
leite, chalcocite, pyrrhotite, pyrite, and even bornite, one or more
of which frequently coexist with chalcopyrite in ores. It is, how-
ever, not easy to understand why cubanite is not described in de-
tail, why practically nothing is said about talnakhite, and why
mooihoekite and haycockite are not even mentioned in the text.
The latter four minerals are all stable in the temperature range of
the hydrometallurgical procedures suggested by the author. Some,
or all, of these phases may form as intermediate products during
acid pressure leaching or may occur with chalcopyrite in flotation
concentrates. The book in at least two places contains statements
to the effect that chalcopyrite only during the last 10 to 15 years
has been realized to be the most abundant copper-bearing min-
eral. This has been known to mineralogists at least since the turn
of the century. The author also states that “It (chalcopyrite) is
mined as cupriferous pyrite and pyrrhotite which contain copper
in solid solution, or as disseminated grains of chalcopyrite.” Chal-
copyrite forms negligible solid solution with pyrite, and although
chalcopyrite occurs in solid solution in pyrrhotite at high temper-
atures, it is rapidly exsolved on cooling and is not found in solid
solution in pyrrhotite in ores. Many statements are misleading; for
instance the legend to one figure says “Chalcopyrite—a major

0003-004X/80/0910-1071$00.50

source of rhenium.” Rhenium occurs in solid solution in molybde-
nite which, particularly in porphyry copper ores, commonly oc-
curs with chalcopyrite. Some of the discussions, for instance that
on the thermal stability of chalcopyrite, show that the author did
not read the reference material in detail. Some discussions are
rather interesting, for instance those pertaining to thermal and
aqueous oxidation and to reduction, chlorination, and electrolytic
reactions, but depth and detail are lacking.

The book is quite useful as a source of references to the pub-
lished literature. It was printed with considerable care and is well
bound. The illustrations are of good quality.

GUNNAR KULLERUD
Purdue University

PETROLOGY OF THE METAMORPHIC ROCKS. By Roger
Mason. George Allen and Unwin, London, 1979. 254 pages.
Cloth $29.75, paperback $14.95.

This book, which is the current volume 3 of the classic Hatch
and Wells petrology text, is described on the cover as follows:
“The style of treatment should make the book useful to a wide
readership among geologists and earth scientists. It should be par-
ticularly suited to the needs of undergraduates who are not neces-
sarily petrology specialists but need an authoritative introduction
to metamorphic rocks at an intermediate level. It may also be of
value to teachers and senior school students of geology, and to
others needing a comprehensive introduction” [to metamorphic
petrology]. In the opinion of this reviewer (note, unrelated to the
author), this aim has been admirably and concisely obtained.

The author describes himself as a field petrologist, and through-
out much of the book he uses the “case history” approach, de-
scribing the different types of metamorphism in the light of spe-
cific areas. Most of these are European—the Scottish Highlands,
the Swiss Alps, the Scandinavian Caledonides—which may be a
minor drawback (or perhaps an advantage) for a teacher in North
America. However, the descriptions are fresh and illuminating,
and are supported by critical references. Metamorphism is inter-
preted widely, and includes discussion of shock metamorphism as-
sociated with meteorite craters, and shock metamorphism in lunar
rocks. Descriptions of metamorphic rocks are illustrated with ex-
cellent drawings of these rocks as seen in thin sections. The de-
scriptive petrography is complemented by a final section, “Meta-
morphic Rocks in the Laboratory,” which summarizes the
application of laboratory studies of mineral syntheses and meta-
morphic reactions, and of isotope geology, to metamorphic pet-
rogenesis.

This is a brief but comprehensive book which achieves the goals
outlined above.

BRIAN MASON
Smithsonian Institution

SEDIMENTARY ENVIRONMENTS AND FACIES. Edited by
H. G. Reading. Elsevier, New York, 1978. 557 pages. $24.00
(soft cover) $45.00 (hard cover).

Within the past decade a number of valuable review volumes,
both new publications and revised editions, have treated the evo-
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lution and genesis of sediments and sedimentary rocks. It would
be a mistake to consider the work under review as merely another
text in sedimentology since it is, in this reviewer’s opinion, the best
available summary of information and theory treating current
concepts in the complex relationships which exist between sedi-
ments and the environmental conditions under which they accu-
mulate. The treatment of these environments by ten contributors
provides an equal balance between terrestrial situations (glacial,
alluvial, lake, and desert—25% of the text) and coastal aspects
(deltas, clastic shorelines, and arid/evaporite coasts—25%), and
the whole spectrum of depositional regimes in the marine environ-
ment (50%).

General discussions of an introductory nature, the concept of
facies in historical perspective, and present problems and pros-
pects are provided by the editor, and the penultimate chapter on
sedimentation and tectonics brings the reader a concise summary
of the renewed interest in deep-sea and continental-margin sedi-
mentation as it relates to plate tectonic theory. The volume con-
tains 65 pages of references, some as late as 1978, which are keyed
to the chapter sections—a welcome device which facilitates tracing
a particular author’s contribution to the subject matter. A concise
index, featuring boldface type for figure references, rounds out the
volume.

The value of this volume to practitioners and students of sedi-
mentology lies in the approach taken by each author in addressing
a specific sedimentary environment. Each contribution first ad-
dresses the historical development of concepts which have led to
current perceptions in sediment controls in space and time, then a
statement of environmental agents and processes which yield the
various facies within each situation, and finally the application of
our present knowledge to the interpretation of paleo-environments
as displayed by structures and facies in the rock record.

The organization of the volume reflects a concern for those who
wish to use it as a reference tool. Each chapter format includes nu-
merical headings and further subheadings which facilitate location
of specific elements within each topic. To those accustomed to
consulting references at the end of each chapter, the collection of
all citations in one listing near the end of the volume may prove a
minor annoyance.

Visual materials complementing the text are of the highest qual-
ity, both in the artistic sense and in their reproduction by the
printer. Numerous maps, diagrams, and cross-sections have been
redrafted in a common format which provides continuity between
each chapter. Some reductions -have resulted in rather fine print,
but all are sharp and in general a delight to the eye.

If one must seek a shortcoming in this excellent volume, it
would be in the brief treatment of estuarine environments. Only
four pages, two of which are full-page graphics, address this com-
plex and important domain within the coastal zone. However,
abundant information on these regions is available elsewhere, and
the serious reader can refer to several excellent texts devoted to es-
tuaries.

It is heartening to see the trend of alternative binding on the
rise, since most readers find the price of hard-bound volumes well
beyond their library budgets. The soft-cover version should find
the wide circulation this work deserves, and it should stand for
many years as the definitive summary of sedimentary facies and
environmental sedimentology.

HAROLD D. PALMER
Dames and Moore
Washington, D. C.
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ANCIENT SEDIMENTARY ENVIRONMENTS, 2nd edition.
By Richard C. Selley. Cornell University Press, Ithaca, N. Y,
1978. xii + 287 pages, 93 figures, 9 tables. $6.95 (paperback).

Selley’s book was not written for the specialist sedimentologist
but for the general reader with a basic knowledge of geology. It
can be read, however, with profit by anyone—even a mineralogist.

This book begins with a succinct and very perceptive summary
of the principles of environmental analysis. The treatment is two-
fold: analysis based on data collected from outcrops and analysis
based on subsurface data obtained from cores and by geophysical
logging techniques. This dual treatment reappears throughout the
book and is, in fact, the main difference between the first and the
second editions. This difference reflects Selley’s own experience,
first as a geologist in an academic environment and then as one in-
volved in oil and gas exploration and having to make inter-
pretations mainly from subsurface data and having sophisticated
tools available to collect such data. Some of the statements made
in the introduction are judgemental and may raise the hackles of a
few—in particular the statement (p. 6) on the value of grain size
analyses.

In the introduction the author also defines the concepts of envi-
ronment and facies and presents a simplified classification of each.
The remainder of the book consists of short chapters dealing with
each category: river deposits, wind-blown sediments, lake deposits,
deltas, linear clastic shorelines, shelf deposits: carbonates and ter-
rigeneous, reefs, flysch and turbidites, and pelagic deposits. In
each chapter there is a short summary of modern or Recent ex-
amples followed by one or two well-documented ancient ex-
amples.

Two aspects of Selley’s treatment of ancient environments are
noteworthy and different from much of the older literature,
namely his use of the vertical profile and of paleocurrents. The
vertical profile or cyclic concept is not new but the understanding
of autocyclic (internally generated cycles) patterns is a recent de-
velopment—a development greatly furthered by the Shell Re-
search group at Houston in the fifties and subsequently promul-
gated by J. R. L. Allen, DeRaaf, Reading, and Walker, Visher,
and others. Selley utilizes this approach with great skill. Paleocur-
rent analysis is another tool of recent origin, stemming particularly
from the work of Potter and Olson in the fifties. Selley himself has
made a significant contribution to the subject, especially the envi-
ronmental significance of paleocurrent patterns.

Selley’s book ends with a short essay on sedimentary models—
mythical and mathematical. A subject and author index are in-
cluded.

What is amazing is that Selley has been able to condense and
convey so much in such a compact book—the new edition is no
more than fifty pages longer than the first. The reviewer knows of
no better-written and better-illustrated summary of the state of the
art of environmental interpretation. The book is a gem and at the
price a great bargain.

F.J. PETTIJOHN
The Johns Hopkins University

THE ANDES—A GEOLOGICAL REVIEW. By W. Zeil. Ge-
briider Borntraeger, Berlin, 1979. viii + 260 pages, 143 figures.
$75.60.

A geologic synthesis of the longest mountain range on Earth is a
monumental undertaking. Prof. Zeil early acknowledges the diffi-
culty of the task and the necessity of being selective in dealing
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with sources of uneven geographic distribution and geologic qual-
ity. His result is a book, vol. 13 of the series “Beitriige zur region-
alen Geologie der Erde,” with 207 pages of text, 33 pages of refer-
ences, three indexes, and 143 figures that include 14 fold-out maps
and sections. Owing to dubious organization and poor editing, the
book is a disappointment.

Following eight pages of introductory material, six chapters
make up the bulk of The Andes—a geological review. These are:
“Crust and mantle in the Andes” (23 pages), “Igneous rocks” (45),
“Sedimentary and metamorphic structural material” (48), “The
Andes as a geodynamic body” (60), “The Andes as a plate tecton-
ics model” (11), and “The mineral deposits of the Andes—a brief
review” (12). References in the long bibliography, on the other
hand, are grouped under “General bibliography”, “Crust, mantle,
plate tectonics”, “Magmatic rocks”, “Venezuela”, “Colombia”,
“Ecuador”, “Peru”, “Bolivia”, “Argentina”, and “Chile”. The
reader will lose considerable time hunting the complex bibliogra-
phy for some of the references cited in the text and, in fact, will
find that a few have been left out.

The isolation of igneous rocks in a separate chapter is unfortu-
nate. In so many Andean sedimentary sections, tephra constitute a
major component and have important genetic connotations. The
metamorphic basement of the Andes (cropping out as “isolated
eminences” we are told on p. 77) is dealt with in an independent
section 12 pages long. Regionally metamorphosed terrains in the
Andes are assembled indiscriminately, yet extensive areas of rocks
metamorphosed regionally in Tertiary time on the Guajira Penin-
sula and in the Sierra Nevada de Santa Marta, Colombia, as well
as in the Cordillera Oriental, Ecuador, are supracrustal.

It was disconcerting to find many factual errors on the part of
the Andes with which I am familiar firsthand. A few are: contrary
to Figure 25, no plutonic igneous rocks are known on the Sta
Elena Peninsula, Ecuador, nor are Late Cretaceous or younger
plutonites found on the border with Peru on the Pacific; the Anti-
oquian batholith, Colombia, is not Paleozoic (Fig. 65); the Car-
negie ridge is referred to as seismically active (p. 26), which it is
not, and it is mislocated geographically (Fig. 15); Sumaco, an ex-
tinct volcano in Ecuador, is cited as active (p. 58 and Fig. 98); the
elevations of the upper Cauca and Magdalena grabens, Colombia,
are given as between 1800 and 2500 m (p. 75), whereas they are
everywhere below 1000 m; a map of the tectonic elements of the
Andes in Ecuador (Fig. 98) omits large areas of basement rocks
shown correctly in Figure 69; annual displacement on the Bocond
fault, Venezuela, is stated to be 66 cm (p. 150), rather than 6.6
mm; high-P/low-T metamorphism in the Western Cordillera of
Colombia is referred to in several places, but in fact has nowhere
been documented; metamorphic basement rocks do not crop out
in Ecuador solely in the Eastern Cordillera (p. 80), an extensive
terrain is found west of the Andes at the Peruvian border; Pleisto-
cene volcanic deposits near the Rio Pisque, Ecuador, are wholly
continental and include no marine sediments as stated in Figure
87; the Maracaibo basin is filled with “more than 10,000 m of sedi-
ments built up during the Cretaceous and the Quaternary” (p.
L11)—what about the petroliferous Tertiary rocks that put Vene-
zuela in OPEC?; Cerro Pantanos, an important Colombian copper
prospect, is located in the wrong cordillera (p. 202); and contrary
to “until recently only relatively small [petroleum] deposits have
been exploited in sedimentation basins on the Pacific coast in Ec-
uador and Peru” (p. 205), the Talara field in northwestern Peru, in
continuous production for a century, is the first-discovered of the
world’s “giant oil fields.”

The usefulness of the book is further sapped by poor editing of
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the translation from German. A few examples: “impregnation de-
posits”, for disseminated deposits; “sedimentation basins”, for
sedimentary basins; “material”, for rocks, “overtilted”, for over-
turned; “magmatic structural material”, for igneous rocks; “mine-
worthy”, for mineable; “horizontal faults”, for strike—slip faults; or
such unclear expressions as “violent fracture faults”; “positive and
negative fracturing”; “latiandesites”; “narrow-bedded alpinotype
structures”; “magmatological events”; and many others. Heavy
wording and awkward sentence structure assault the reader. Two
examples are: “ ... the Cambro-Ordovician series are non-meta-
morphically developed and contain corresponding fossils” (p.
131); and “The primary and secondary concentration of rich met-
als in the material constitution of the range was correctly corre-
lated at an early date with the quantitatively high proportion of
magmatic processes and rocks” (p. 200). Editing of the maps
wasn’t much better. The geologic map of Chile, admittedly a
tough country to depict on paper, leaves a 400-km-wide gap be-
tween the northern (Fig. 79) and central (Fig. 80) portions of the
country. Also, the join between the central and southern (Fig. 82)
portions does not match. The geology of Ecuador depicted on Fig-
ure 69 departs markedly from that shown on Figure 98. Were two
maps necessary anyway? Also, five outline maps of the continent
are given, each more than a half page, solely to show the geo-
graphic locations of Colombia (Fig. 94), Ecuador (Fig. 97), Peru
(Fig. 100), Bolivia (Fig. 102), and Chile (Fig. 117). Does not a
reader of this book already have a firm idea of South American
geography? At worst, he could be referred to a single map, prefer-
ably placed in the early pages of the book. The numerous photo-
graphs are mostly not well tied to the text. Accent marks and spell-
ing of Spanish names and terms are meticulously correct in places,
and seriously in error elsewhere.

Plate tectonic theory and its application to the Andes is treated
weakly, at best. The reader is offered statements that are meaning-
less (“In the countries through which the Andes pass, the violent
seismic activity frequently gives rise to severe catastrophes and
proves that the mountain range is not yet consolidated with its
substructure”—op. 4), or that suggest unfamiliarity with the theory
itself (“Since seismic activity and volcanic activity are far from
synchronous—frequent severe earthquakes have occurred recently
in the region of Peru north of Lima which is free from any recent
volcanism—one single explanation cannot easily be found for
these different tectonic phenomena”—p. 76; or “The Eastern Pa-
cific ndge has been active for about 20 m.y.”—p. 191). Prof. Zeil
rightly points out that some zealots have forced or even distorted
geological and geophysical data to favor their arguments. Even so,
recent papers that deal with the oceanography and geophysics of
the Nazca plate and its dynamic boundary with the South Ameri-
can plate strongly support the applicability of plate tectonic theory
to the Andes, although simultaneously emphasizing that the story
isn’t as simple as that envisioned only ten years ago.

The Andes—a geological review stresses the rich heterogeneity of
the Andes, and effectively demolishes the concept of a uniform
“Andean geosyncline.” Nevertheless, the Andinophile will prob-
ably learn little new, as the book offers no independent geologic
interpretation. The neophyte will be discouraged by the awkward
organization and cumbersome prose. He would get a more coher-
ent view of the Andes from Gansser’s superb article, only 39 pages
long, “Facts and theories on the Andes” (J. Geol. Soc. London, v.
129, 1973).

ToMAS FEININGER
Université Laval, Québec
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NOTICES

New Glossary of Geology

The Glossary of Geology has now appeared in an expanded up-
to-date edition. It includes 36,000 terms, compared to 33,000 in the
1972 edition, and reflects changes in the geoscience vocabulary in
the last decade. Changes in the Glossary are particularly evident in
such active fields as biostratigraphy, remote sensing, plate tecton-
ics, caves and karst, igneous petrology, paleomagnetism, remote
sensing, plate tectonics, and seismic stratigraphy. The compilers
added about 450 new mineral names, more than 100 abbrevi-
ations, such as GOR (Gas Oil Ratio), LVL, and PDB, and nearly
500 new references to the literature. The Glossary of Geology is ed-
ited by Robert L. Bates and Julia A. Jackson. Second edition,
American Geological Institute (1980). 749 pages, $60 from AGI.

AGI Minority Participation Program Scholarships

The ‘American Geological Institute will again offer scholarships
for geoscience majors who are United States citizens and members
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of the following ethnic minority groups: American-born Blacks,
American Indians, and Hispanics. Approximately 50 such awards
(ranging from $500 to $1,250) were granted in 1980-1981. About
the same number (and amounts) will be awarded for 1981-1982.
Requests for application materials or nominations for scholarships
should be addressed to:

William H. Matthews III
Director of Education
American Geological Institute
Box 10031

Lamar University Station
Beaumont, TX 77710

The deadline for filing the completed application is February 1,
1981.
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