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ABSTRACT Jadeitites from Guatemala are found as weathered blocks in tectonized serpentinite in a 15-km zone north

of the Motagua Fault Zone. Rock types found with jadeitite include albitites, albite—mica rocks,
omphacite/taramitic amphibole-bearing metabasites, chlorite—actinolite schists, talc—carbonate rocks and
antigorite schists. In addition to the predominant jadeitic (Jdy;_ ) pyroxene, common phases in jadeitite
include micas (paragonite and/or phengite * rarer phlogopite), omphacite, albite, titanite & zircon,
apatite and graphite. Conditions of jadeitite formation are 100-400° C, 5-11 kbar with 0.0 > log,,aso, = 0.7.
Fluid inclusions, coarse textures, vein structures, and rhythmic zoning of pyroxene indicate an aqueuos
fluid was involved. Jadeitites are either (1) metasomatic modifications of former felsic-to-pelitic inclusions
that have undergone silica depletion plus efficient soda exchange and enrichment, or (2) solution
precipitations derived from such a source. The close spatial relationship of faults and shear zones,
serpentinites, and jadeitites suggests jadeitites form in a relatively high-P/T setting with substantial flow
of sodic fluid in a tectonized zone.

Most Guatemalan jadeitites are extensively altered to analcime, albite, taramitic amphibole,
(clino)zoisite + nepheline and preiswerkite. This alteration reflects depressurization & heating to below
the jadeite + fluid = analcime reaction at high a,,. With progressive alteration, analcime and nepheline
are replaced by albite; the increase in silica content may result from fluid flowing up a tectonized zone
reaching saturation with an albite assemblage. Albitite phases, albite, actinolite, zoisite, +chlorite,
phengite, K-feldspar and quartz, record conditions of ¢. 3-8 kbar at 7' < 400° C, indicating a clockwise
P—T trajectory of the blocks.

Barium aluminosilicates—banalsite, celsian, cymrite and hyalophane—are common minor late-stage
phases in jadeitites and albite-rich rocks. Barian phengite is common in albite—mica rocks.

Key words: albitite; Guatemala; jadeite; jadeitite; metasomatism; Motagua Fault Zone; Abbreviations:

these follow Kretz (1983) except as follows: Cel, celsian; Cym, cymrite; Ph, phengite; W, H.O (fluid).

INTRODUCTION

Jadeitite, a rock composed principally of jadeite, is rare,
described from only a handful of localities: the Moguong
and Lonkin area of northern Myanmar (formerly Burma:
Lacroix, 1930; Chhibber, 1934); Kotaki District and
nearby areas, Honshu, Japan (Iwao, 1953; Chihara, 1971);
Oosa-cho, Okayama Prefecture, Japan (Kobyashi et al.,
1987); Kamuikotan Gorge area, Hokaido, Japan (Takay-
ama, 1986); San Benito County, California (Coleman,
1961); the Pay-Yer massif, Polar Urals, Russia (Morkov-
kina, 1960); the Borus Mountains; West Sayan, Russia
(Dobretsov, 1963, 1984); Northern Near-Balkash region,
Kazakhstan (Dobretsov & Ponomareva, 1965); and aleng
the Motagua Fault in Guatemala (Foshag & Leslie, 1955;
McBirney et al., 1967; Bosc, 1971; Hammond et al., 1979).
Jadeitites occur either as individual tectonic blocks, or as
pods, lenses or veins in other blocks within serpentinite or
serpentinite—matrix melange. Some interesting aspects of
jadeitites are (1) they consist of the presumed high-P
mineral jadeite, and therefore have an unusual bulk
composition (Yoder, 1950; Sobolev, 1949-1960: cited in
Dobretsov, 1984); (2) they are associated with ultramafic
belts, ophiolites and blueschists and thus with ocean-floor

subduction or obduction; (3) they are probably metasoma-
tic, with an origin controlled by the host serpentinite and
the active high-P/T tectonic setting; and, certainly not
least, (4) they are archaeologically and commercially
important as jade.

Probably the least well-described occurrence of jadeit-
ites is the one in Guatemala, which is puzzling because the
area is reasonably accessible and it is a major source of
jadeitite, both archaeologically and commercially (Harlow,
1993). This paper describes the occurrence of jadeitite in
the Departments of El Progreso and Zacapa along the
Motagua River of Guatemala. The interpretation of
jadeitite petrogenesis and its ramifications raise broader
questions of collisional processes and fluid—rock interac-
tions. This paper presents a description of the occurrence,
the field. and textural relationships, and the mineralogy/
petroiogy of the Guatemalan jadeitites and examines the
processes of jadeitization and albitization.

REGIONAL GEOLOGY AND FIELD
OCCURRENCE

The North American and Caribbean plates abut-along the’
Motagua Valley of Guatemala. It is the junction of two
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Fig. 1. Location and geological map of jadeitite occurrences in the middle Motagua Valley, Guatemala. Numbered location sites refer to
the MV] classification minus the letters, final site sample number and 84, if from MVI84 group; e.g. 5= MVJ84-5C-1 etc. and
90-24 => MVJ90-24-1 etc. Imprecise localities are attributed as ‘Guat I" in Table 1 but do come from within the study area.

continental blocks, the Maya (or Yucutan) to the north
and the Chortis to the south. Portions of an ophiolite
complex in the Motagua Valley indicate a major suture.
The collision is dated regionally as late Cretaceous (Pindell
& Dewey, 1982) to early Tertiary (Perfit & Heezen, 1978)
and locally as about 68Ma from *“Ar/*Ar dating
(Donnelly et al., 1990). The original convergence of the
Maya block with the early northern margin of the
Caribbean plate has evolved to currently lateral or
transform motion (Burke, 1988), with the active tectonic
boundary called the Motagua Fault Zone. The recent
left-lateral movement (c. 100ka; Schwartz et al., 1979)
along this fault zone may extend to ¢. 2000 km offset,
according to reconstructions (Anderson & Schmidt, 1983;
Wadge & Burke, 1983). Thus, the terranes presently
adjacent across the fault zone were in different positions
and context at the time of collision. The important fact for
the jadeitites and eclogites described by McBirney ef al.
(1967) is that jadeitite is found north of the Motagua Fault
Zone and eclogite is found south of it. '

In the study area the Motagua Fault Zone is well defined
by the active Cabafias Fault and perhaps a conjugate fault,
the San Agustin Fault (see Fig. 1). The Sierra de las
Minas, the northern boundary of the Motagua Valley,
consists of tectonic slices of Palacozoic schists and marbles
of upper greenschist to amphibolite facies and granitoids
grouped as the Chuacids Formation by McBirney (1963).
Amphibolites and serpentinite of oceanic origin are
tectonically interlayered with the Chuacus rocks. A K/Ar
isochron age for the metamorphism of the oceanic rocks is
c. 60 Ma (Bertrand & Vuagnat, 1980). In the study area
the terrane is intensely tectonized adjacent to closely
spaced faults. Formations are exposed as thin slivers and
blocks; this is particularly true of the ultramafic belt.

Reconnaissance of cited occurrences (e.g. Silva, 1970;
Bosc, 1971; Hammond et al., 1979) and streams cutting
serpentine delimited a c¢. 15-km-long, jadeitite-bearing
area (Fig. 1). No comparable rocks were found south of
the Motagua River. Jadeitite occurs as boulders, (=<3 m in
diameter) in some streams, particularly Rio La Palmilla.
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Fig. 2. Schematic diagram of
jadeitite/albitite tectonic block in
serpentinite—matrix melange.

Jadeitite boulders are conspicuous by their (1) rusty-brown
to tan-white cortex, (2) white to medium-green freshly
broken surfaces, abundantly provided by blasting by jade
entrepreneurs and (3) extraordinary tenacity (boulders
deflect hammer blows and rarely break). Jadeitite was not
seen weathering from hosting serpentinite. Other stream
boulders are serpentinite (antigorite schist), Chuacis
granitic gneiss, white to grey Chuacds marbles, metabasite
(an amphibole~omphacite rock called black jade) and
albitized jadeitite. Bosc (1971) reported jadeitite in Rio
Uyus (see Fig. 1).

Two areas =<50m in diameter are decorated with
weathered blocks <2 m across. At MVI84-5 is an area of
albitite blocks; no jadeitite was found here, but small
cobbles were found nearby to the south. Silva (1970) noted
that jadeitite is scattered throughout this serpentinite body
(Fig. 1). Blocks of jadeitite equivalent to those found in
Rio La Palmilla occur at MVJ84-9 & -51.

In weathered, ochre-earthed, serpentinite hills near the
Rio Motagua, tan-coloured mounds and noses of hills are
littered with fragments and blocks (<0.5m across) of
jadeitite, albitite and metabasite (see Fig. 1). The mounds
range in size from a few to ¢. 50 m in diameter and also
contain opal, chalcedony and milky quartz, fragments of
deep-green omphacite, chlorite—actinolite rock, mam-
millary magnesite and weathered serpentinite. Albitite was
found in all of the mounds, but jadeitite was rare or
absent. Although no bedrock exposures were found, even
after excavation (at MVJ84-35), a zoning pattern was (Fig.
2); it consists of exterior serpentinite, a chloritic boundary
and an interior mix of fragments of jadeitite and albitite.
The chlorite boundary contains areas of talc and is cut by
parallel aggregates of acicular actinolite + chlorite =<1m
long.

JADEITITES AND ALBITITES: TEXTURES
AND MINERALOGY

Analytical techniques

Optical and SEM/BSE petrographical and microprobe analyses of
thin sections and X-ray diffraction of rock slabs or mineral grains
were performed. An automated ARL SEMQ microprobe (with
Tracor-Nerthern TN5400 EDS) was operated at 15kV, 10-12 nA
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sample current for Na-bearing or hydrous silicates and 20 kV,
15 nA for oxides and other silicates. Standards included diopside,
jadeite, Amelia albite, microcline, Kakanui hornblende, Cape
Ann fayalite, chromite, ilmenite, benitoite, celestite, Durango
apatite, quartz and corundum. Back-scattered electron (BSE)
imaging was carried out on the microprobe and on a Zeiss
DSM-950 SEM. X-ray diffraction employed an automated Philips
PW1710 diffractometer and Gandolfi cameras using CuKa
radiation. Phase identification was aided with the wPDSM
search/match program.

Macroscopic description

Two spatial groupings of jadeitite are manifested. One is near
Manzanal (Mzl), near the western limit of the study area, and the
other is closer to Rio La Palmilla (RLP; Fig. 1). Mzl jadeitites are
generally whiter than RLP ones and the former also lack black or
dark green minerals. These features relate to differences in
composition and phase assemblages described below.

Jadeitite boulders are generally fractured, sheared and altered.
Fine-grained jadeitites typically show subtle marbling. Many
boulders have an augen-like texture of coarse, fractured,
lighter-coloured jadeitite in a matrix of grey albititic rock. Some
boulders show a transition from relatively pure, massive jadeitite,
through augen texture, to blue-grey or green albitite (Fig. 3). At
MVI84-9, -12 & -51, jadeitite and metabasite blocks are cut by
sharply defined, 1-30-cm-wide veins of jadeitite filling brittle
fractures. The vein fillings consist of cross-vein, subparallel

Fig. 3. Transition from jadeitite (upper left, light-coloured zone)
through fractured alteration zone to albitite (lower right, dark
grey zone) in a sliced boulder at a jade workshop. The coin is

25 mm across.
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Table 1. Mincralogy of samples used in this study. Locality Guat. 1 indicates samples collected by others somewhere within the known ficld arca.

. (A) Jadeitites and partially altered jadeitites

jd omp ab wm amp anl  ne 2o  un gph prs other Description Locality
MVIE4-9B-1 % % pE % » * b % apt Light green & black Qucbrada Escorpidn
MVI84-9C-1 * % X P * X x x * * bnl,zr Light & dark green Quebrada Escorpion
MVIgd-9C-2 x » x pe x * » ® * cc? Light green Cuebrada Escorpion
MVIB4-9D-1 x x pe az * X x * ® x apt,enc Grey—black Quebrada Escorpién
MVIg4-12-5 » * PE x S ® S » bnl,zr White & black Quebrada Escorpitn
MV184-29-2 b * *  pe.phl x # * zr Bluish grey Usumatldn
MV184-32-3 % x X PE 3 ) x Mottled white & grey La Palmilla
MVI84-42-1 x * pe * x x X 4 x Whitish green Rio La Palmilla
MVIg4-42.-2 x *® PE x 4 ® ® 4 Whitc & black Rio La Palmilla
MVI84-51-3 x % * pe x * b Light green Quebrada Escorpidn
MVI84-56-1 * *® x pe.ph x x phl,zr White & grey Hoyo de las Minas
MVJ-87-8-1 x - x ph.pg ® »* x phl,apt kfs Mottled white & green Guat. |
MVI-87-8-2 ® Light blue—green Guat [
MV190-24-1 ® S x  pg.ph * x phlkfs.cc Whitish green Manzanal
MV]90-24-2 ® % ph.pg X phlkfs White Manzanal
MY IN-24-3 ® x x PE kfs.barite Light green Manzanal
MVI90-26-7 ® % *® PE % * X X X bnl Dark grey Rio La Palmilla
AMNH 33399 X % ph,mu X White Manzanal?
AMNH 45049 b x % PE b4 kS X cc? Light green Guat, |
NMMNH 112538-3 4 ® » ph.pg x x phil kfs Light green Manzanal?
R-1 ® ® x PE * ® Sca foam Guat. [
R-4 7,3 * X phl Mint Guat, [
R-6 x x x pe Pearl Guat. [
R-7 F * pe * Farest fog Gual. I
R-11 x ® pe b4 * x * apt Olmece blue Guat, I
R-12 % X X phlpg X ] % * % 21,20 Dusk Guat. 1
R-13 ® ® x PE * Foliage Guat. 1
R-15 ko, % ® pE x * * Light emerald-green nr Rio La Palmilla
(B) Py (omphacitites) and k
jd omp cm ab wm amp ezo  wn chl oz gph  prs other Deseription Locality
Omphacite
MVI84-41-4 ko7 % X x
MVIB4-44.2 x x ® X apt.epy  Dark green La Palmilla
MVJI84-51-2 x X X = E bio Green/black Rio La Palmilla
NHMLAC 20368 3¢ x * pefphl X * x * hy! Dark grecn Rio La Palmilla
R-10 x ® phl 3 ® kfs.cel  Dark green Guat 1.
Metabasite
MVJ84-23-1 x x * *x x ¥ aptrutilm Black La Palmilla
MVIB4-51-1 x » x ® x Black Quebrada Escorpidn
MVIET-14-1 x x X X x ® bic Black Rio La Palmilla
NHMLAC 20370 b4 ® b4 x x ® Black Rio La Palmilla
(C) Albitites and highly altered jadcitites
cpx  ab wm amp anl gtz zo  tn chl ar other Deseription Lacality
MVI84-5C-1 di x ph r x & x Whitish grey-green Manzanal
MVIg4-12-1 om * fiar » x x apt,grs Whitishblue—green Rio La Palmilla
MVIE4-24-2 di X act ® % X ver White Usumatlin
MV184-25-1 di x % + magnetite Mottled white & green Usumatlin
MVIB4-57-1 * act x ver? Light green Huijé
MVI84-60-1 difom % x x ? hematite Light green Usumatlin
(D) Albite-mica rocks
¢px  ab kis bas wm amp gtz 2o ttn chl other Description Locality
MVI84-3-2 x cym ph ? x apt Tan white Manzanal
MVJ84-23.2 » x cel  phimu x x * barite, hyl Grey—brown La Palmilla
MV I84-25-2 x ® cel  phipg ® X Usumatlin
MVIS4-29-1 x % cel  ph/phl ® *® Lyl Tan brown Usumatlin
MVIB4-45-1 x x cel ph  act : x X Light green Manzanal
MVIZT-2-1 X ph X x Tan white Hayo de las Minas
MV187-4-1 di x b4 x g pph.zr Dark grey Rio La Palmilla

* AMNH, American Museum of Natural History; NHMLAC, Natural History Museumn of Los Angeles County; NMNH, National Museum of Matural History; R, Ridinger, Jade
8.A.; MV, author’s ficld study; ab, albite; amp, amphibole (act, actinolite; ftar, ferroan taramite; tr, tremolite); anl; analcime; apt, apatite; bas, Ba-silicates (cel, celsian; cym,
cymrite); bio, biotite; bnl; banalsite; cc, calcite/arage chl, chlorite, em, chromite; enc, cancrinite; cpx., clinopyroxene (ag, augite; di, diopside; om, omphacitc); cpy, chaleopyrite;
czo, clinozoisitc; gph, graphite; grs, grossular; hyl, hyalophane; ilm, ilmenite; jd, jadeite; ko, kosmochlor, kfs, K-feldspar; mu, muscovite; ne, nepheline; omp, omphacite; phl,
phlogopite; prs, preiswerkite; qtz, quartz; rut, rutile; tn, titanite; ver, vermiculite; wm, while mica (pg. paragonite; ph, phengite), zeo, zeolite; zo, zoisite; zr, zircon.
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pyroxene crystals intergrown with paragonite and lesser amounts
of omphacite, albite and zoisite. Boulders do not show clear
evidence of core-rim relationships, which indicates they are not
complete samples of a serpentinite-block package.

Many light-green, fine-grained rocks that look like jade are, in
fact, albitite. In serpentinite, green albitites occur with grey
albite-mica rocks. Albitite and albite-mica rock textures vary
from coarse to fine grained and from arenaceous-looking to
mylonitic.

Microscopic textures and mineralogy

Table 1 lists specimen numbers, mineralogy, colour and location
for the samples examined petrographically. Samples are grouped
by petrological type as described in the following text. Some were
obtained from museum and other collections, so locality
information can be vague. A paragenetic sequence based on the
textural observations is presented in Table 2.

Jadeitites

These rocks consist of >90% (by volume) jadeititic pyroxene with
minor secondary minerals. However, many jadeititic rocks contain
<50% pyroxene and substantial quantities of alteration minerals,
primarily albite.

Jadeitites display diverse microscopic textures. Microcrystalline
varieties of jadeitite consist of either felted masses or sheared,
granular compact aggregates of submillimetre-sized (to even
micrometre-sized) pyroxene crystals with minor white mica and
rare albite and titanite. Coarser-grained rocks (0.5-10 mm) are
dominated by irregular to subhedral jadeite intergrown with or
containing inclusions of white mica, minor to trace albite and, in
some samples, apatite, titanite or zircon (Fig. 4a). In vein fillings,
pyroxene crystals can exceed 15cm. In thin section, however,
such crystals are broken into smaller grains (<3 cm) and display
mosaic texture. Most jadeite crystals from veins manifest rhythmic
zoning with bands 10 gm to 1 mm thick. Some zoned grains of
vein jadeite terminate with crystal faces in cavities filled with
analcime (Fig. 4b). Small (c. 100-10 pm) two-phase (gas—liquid)
fluid inclusions occur in coarse jadeite grains as clusters in crystal
cores and decorating growth zones and healed fractures. Fluid
inclusions typically are irregularly shaped but elongated parallel to
the jadeite c-axis.

Table 2. Inferred paragenetic sequence in jadeitite—zlbitite formation.

Crystallizing
stable (—) or
metastable
=)

phasc

Alteration/

Jadcitite albitization Albitites

Jadeite
Calcic clinopyroxene Idg, Jdy, Dig,
Albite
Paragonite T

Phengite —---MGAP?--
Phlogopite
Preiswerkite
Chlorite Perd--=?
Titanite
(Clino)Zoisite ?
Analcime

Nepheline p—z=zr=
Amphibole Taraﬁilc—- --1GAPH---

Banalsite Swa
Celsian
Cymrile
K-feldspar

Quartz _—

In many coarser-grained jadeitites, jadeite grains have clean
rims but display cores with numerous inclusions of albite, white
mica or (clino)zoisite that are <100 um in size (Fig. 4c,d). Such
inclusions in RLP jadeitites also include rare amphibole,
nepheline, preiswerkite (an Na—Mg trioctahedral mica) and
analcime. Inclusions are elongated along the c-axis of jadeite.
With increasing grain size or evidence of deformation, jadeite
grains manifest a thin analcime rim (Fig. 4d) and are separated by
a matrix of alteration minerals described below.

In RLP jadeitites, omphacite occurs in some crack and cavity
fillings as wheat-sheaf intergrowths and also forms overgrowths on
jadeite, particularly on pyramidal faces. Where such overgrowths
are more than 100 gm thick, the overgrowth can consist of
acicular aggregates of omphacite extending parallel to the ¢
crystallographic axis of the host. In blotchy green jadeitites,
omphacite forms rhythmically zoned radiating clusters intergrown
with albite and/or chlorite.

White mica in jadeitites is found as interstitial grains or as
inclusions in jadeite. All RLP jadeitites contain only paragonite.
In coarse jadeitite veins paragonite forms books=1cm thick and
=4cm in diameter. Jadeitite samples from further west contain
paragonite, phengitic muscovite and/or phlogopite. A few
samples contain three micas, but mica relationships are difficult to
interpret because of alteration. Rare grains of muscovite are
found as inclusions in jadeite that coexists with phengite.

Most other minerals are very minor in abundance in unaltered
jadeitites. Albite occurs rarely as large discrete grains but
commonly as vein/crack and intergranular fillings. Albite is rarely
twinned. Titanite is found in some jadeitites as corroded
dismembered relics << 1 mm in size but also as small intergranular
grains (subhedral to angular), usually associated with albite.
Apatite is common but minor, except in sample MVIJ84-9D-1
which contains ¢. 5% as vein-like aggrepates of apatite grains.
Zircon is a scattered trace phase as small rounded to subhedral
grains. Chlorite forms minor intergranular selvages in omphacite
clots.

Some jadeitites, mainly near RLP, are coloured grey to nearly
black by minute (<50 um in maximum dimension) ball-like
clusters of graphite in jadeite and albite grains or in intergranular
fillings. Carbon count rates on the microprobe from graphite
clusters approach those for pure carbon, but accurate analyses
were not possible.

Quartz was not found in any jadeite-bearing sample,
contradicting McBirney et al. (1967). Duncan (1986) reported
lawsonite and prehnite in jadeite-bearing rocks; neither was
identified in the samples reported here.

Alteration textures in jadeitite

Alteration is a common feature of most jadeitites. Replacement of
jadeite varies from minor, along grain boundaries (described
above), to nearly complete. In RLP specimens fractures in jadeite
crystals and grain boundaries are filled with anastamosing or
vermicular ‘‘cross-crack”™ intergrowths of albite + analcime (Fig.
5a). Textures consist of reticulated or idiomorphic albite grains in
analcime, with the grains coarsening away from the contact with
jadeite. In one sample (R-12), a region between jadeite and
analcime consists of a vermicular intergrowth of nepheline +
albite. Within the vermicular networks, epitaxial prismatic blue
amphiboles extend parallel to the c-axis of the replaced pyroxene
(Fig. 5a). Some zones between jadeite grains contain blebby
intergrowths of analcime + albite with interspersed euhedral to
skeletal titanite, zoisite and, in RLP samples, amphibole and
preiswerkite grains.

In extensively altered jadeitite, analcime—albite intergrowths
are less common or absent far from jadeite grains and are
replaced by granular albite. Sometimes isolated, faceted jadeite
grains and larger amphibole crystals or rosettes (<4 mm across)
occur in a matrix of albite. The albite matrix also contains
euhedral (clino)zoisite grains (micrometre- to millimetre-sized) £
smaller grains of titanite, apatite, calcite/aragonite and zircon.
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(b)

(c)

(d)

Fig. 4. Thin-section photomicrographs of jadeitite. (a) Medium-grained jadeitite texture with coexisting jadeite and paragonite grains. A
thin selvage of analcime covers many jadeite grain boundaries (sample AMNH 33399; plane-polarized-light, width of view is 2 mm).

(b) BSE image of rhythmically zoned jadeite crystals in vein-growth jadeitite (sample MVI184-9C-2). (c) BSE image of jadeite grain with
numerous core inclusions and zoned rim from a partially retrograded jadeitite (sample MVI84-9D-1). The host jadeite (mottled grey) is
irregularly zoned (brighter areas have higher diopside content) in the interior with many inclusions of albite (grey) and voids (black). The
jadeite rim is rhythmically zoned. The vein filling at top shows albite. (d) BSE image of jadeite with core albite inclusions, clear rim and
analcime along the grain boundary with included idiomorphic amphibole grains (sample MVJ184-9D1).

Mica alteration textures vary with mica composition. In RLP
samples, paragonite grains are usually surrounded by a band of
granular clouded nepheline, filled with micrometre-sized inclu-
sions of paragonite, and rimmed by clear nepheline (Fig. 5b).
Nepheline is usually in contact with analcime rather than albite.
Small grains of paragonite are rarely surrounded by clear banalsite
(an Na-Ba feldspar relative), but banalsite and nepheline are not
found together. Small fragments of paragonite & preiswerkite are

seen in some cores of euhedral zoisite. Preiswerkite also occurs as
small platy blebs and irregularly shaped grains in albite.
Phlogopite in altered zones looks pitted and is visibly intergrown
with chlorite. Phengite is pitted in some altered samples but
appears fresh in others. In several altered jadeitites phengite
grains have barian overgrowths.

Altered Mzl jadeitites contrast with RLP jadeitites by having
less dramatic textures and somewhat different mineralogy. In the
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Fig. 5. BSE images and thin-section photomicrograph of alteration textures in jadeitite and albitite. (a) BSE image of intergrowth of
albite (lighter grey) and analcime (dark grey) replacing a jadeite grain (sample MVJ84-9C-1). Amphibole (white) needles are locally in
parallel orientation. (b) Coronal growth/replacement of paragonite (Pg) by nepheline (Ne) showing cloudy transition zone of fine-grained
nepheline plus paragonite (sample R-15; plane-polarized-light optical photomicrographs, width of view is 2 mm). (¢) BSE image showing
probable replacement of jadeitic pyroxene with albite—analcime—amphibole intergrowth in core and omphacite—amphibole
rim/termination (sample MVJ84-12-1). (d) BSE image showing texture of typical green albitite with small, subparallel, prismatic grains of
actinolite and minor, rounded grains of zoisite, augite and titanite in a matrix of coarser albite grains (samiple MVJ84-25-1).

former, the analcime rimming jadeite is generally narrow and
surrounded by albite with interspersed irregular grains and
patches of omphacite and zoisite. Some altered Mzl samples have
micrometre-sized veins and patches of K-feldspar and, in
MVIJ90-24-3, barite. Altered jadeitites from Manzanal lack
vermicular textures, amphibole, preiswerkite and nepheline.

Albitite

With progressive replacement of jadeite, primarily by albite, the
altered jadeitites become albitites. The albitites are a continuum
of albite-dominant rocks with strong affinities to jadeitite
alteration. The mineralogy of albitites resembles the alteration
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Table 3. Representative microprobe analyses of pyroxenes (6 O basis).

1 2 3 4 5 6 7 8 9 10 11 12 13 14
50, 60.42 58.77 50.42 57.56 59.06 59.93 58.75 59.68 54,99 54.92 5533 55.28 53.80 53.10
Ti0, 0.00 0.00 0.04 0.07 0.00 0.04 0.01 0.16 0.06 0.05 0.13 0.05 0.04 0.03
AlyO, 25.39 21.07 24.15 12,10 25.46 23.84 20.08 18.65 5.80 10,15 10.16 3.29 3.28 217
Cry04 —_ 0.00 0.00 0.03 = —_ 0.0t 1.93 3T 0.00 0.00 — — 0.56
Fe, 0% 012 1.42 0.7 2.38 022 1.28 2.15 1.58 432 1.96 214 5.45 210 0.93
FeO 0.12 0.00 0.00 1.68 0.00 0.00 0.00 0.00 108 8.92 7.83 1.53 3zl 7.93
MnO 0.02 0.17 0.00 0.20 0.05 0.04 0.0% 0.03 0.4} 0.34 0.12 0.32 027 0.27
MgO 0.06 1.84 0.45 .31 0.04 Q.57 .34 1.88 9.08 4.51 5.25 11.73 13.11 11.30
Ca0 0.20 277 076 12.13 0.13 Lot 37 325 13.77 12,70 12.93 19.06 20.68 21.44
Na,O 15.45 13.51 15.01 8.10 15.50 15.06 13.02 13.06 6.35 6.79 7.04 4.20 .57 1.77
Total 101.79 99,55 100.54 101.56 100.45 101.78 100.18 100.22 99.17 100.36 100.92 101.41 99.06 99.50
Si 2.00 2.01 2.00 2.00 1.98 2.00 2 2.04 2.00 2.00 2.00 1.99 1.98 L99
Ti .00 0.000 0.001 0.002 0.000 0.001 0.000 0.004 0.002 0.001 0.003 0.001 0.001 0.001
Al 0.99 0.85 0.96 0.50 Lo .93 .81 0.75 0.25 0.44 0.43 0.14 014 0.096
Cr —_ 0.000 (1.000 0.001 — _ 0.000 0.052 0.11 0.000 0.000 — —_ 0.m7
Feits 0.003 0.037 0.018 0.062 0.006 0.032 11055 0.041 0.12 0.054 0.058 0.16 0.058 (.026
Fe** 0.003 0.000 0.000 0.049 0.000 0.000 (.00 0.000 0.033 0.27 0.24 0.046 0.099 0.25
Mn 0.000 0.003 0.000 0.006 0.001 0.001 0.003 0.001 0.000 0.010 0.004 0.010 0.008 0.008
Mg 0.003 0.004 0.023 .38 0.002 0.029 0.12 0.095 0.49 0.25 0.28 0.63 0.72 0.63
Ca 0.007 0.10 0.027 0.45 0.005 0.036 0.14 012 0.54 0.50 0.50 073 0.82 0.86
MNa 0.99 0.90 0.8 0.55 1.01 0.97 0.86 0.87 0.45 0.48 0.49 0.29 0.18 0.13
Tatal 4.00 3.9 4.00 3.99 4.02 4.00 399 397 399 399 4.00 4.00 4.01 4.00

(1) Jadeite in white jadeitite, AMNH 33399, (2-3) adjacent spots in jadeile grain, R-12; (4) overgrowth omphacite on same grain, R-12; (5) in core zone of jadeite grain,
MVI84-9D-1; (6) rim, same grain as (5), MVIB4-9D-1; (7) an impure jadeite from a grecn jadcitite, R-13; (8) slightly chromian jadeite, R-15; (9) chromian omphacite, MV]-41-4,
omphacite; (10) omphacite, NHMLAC 20370, metabasite; (11) omphacite. MVI84-51-1, metabasite; (12) aegirine—augite, MVI84-60-1, albitite; (13) diopside, MVIB4-5C-1, albitite;

(14) diopside, MVI84-24-2, albitite.

* Fe?* estimated by cation sum and charge balancing. Pyroxene nomenclature after Morimoto ef al. {1988).

assemblage in jadeitites: calcic clinopyroxene, amphibole, zoisite,
titanite, and rarely apatite, zircon, chlorite and grossular in a
matrix of rarely twinned albite. Quartz is generally absent in
albitites that contain omphacite but is minor to abundant in other
albitites as <10-um blebs in albite or as interstitial grains 10 um to
2 mm in size. Analcime is rare or absent and does not coexist with
quartz.

An important characteristic of albitites is the texture and
mineralogy related to alteration of jadeitic pyroxene. In albitites,
omphacite grains resemble pyramidal terminations of relict
pyroxene grains. Such “pyroxene” interiors are occupied by albite
and amphibole (Fig. 5c). Aegirine augite and diopside are found
as clustered or isolated blebs in albitites. Amphibole changes from
taramite in alteration-textured rocks towards or to actinolite in
quartz-bearing albitite. The relative amounts of clinopyroxene and
amphibole in the albitites are controlled by the composition of the
original jadeitite; the more Fe-rich the original jadeitite pyroxene,
the greater abundance of Fe-rich amphibole and secondary
pyroxene in the albitite.

Microscopic evidence of deformation in the albitites consists of
opening of cleavage in albite, reducing grain size to a mylonitic
texture, and breaking up of relict replacement textures to an even
distribution of blebby grains in an albite matrix (Fig. 5d). In
albitites that lack replacement textures, the amphibole is actinolite
rather than a sodic calcic amphibole and the pyroxene is aegirine
augite or diopside rather -than omphacite. Thus, .deformational
homogenization of texture is correlated with compositional
change.

Albite—mica rock

Albite—mica rocks do not manifest replacement textures of
jadeitite and generally do not contain sufficient albite to be
labelled albitites. Albite—mica rocks have a granoblastic texture
of millimetre-sized grains of intergrown albite, phengitic
muscovite + minor prismatic actinolite with rare blebs of diopsidic

- pyroxene, quartz, apatite and/or dolomite. Most of these rocks

contain irregular, micrometre- to millimetre-sized grains of celsian
or sheath-like to ball-like clusters of platy cymrite, zoned barian
phengite + trace K-feldspar, hyalophane and barite. The Ba
zoning of phengite can be irregular but the highest Ba content is
in rims or small interstitial grains (Table 4). Clinochlore is found
in grain-boundary crevices and interlayered in phengite.
K-feldspar occurs as blebs in albite and in small late-stage
fractures associated with celsian and hyalophane. One micaceous
albite, MVJ84-29-1, manifested phengite replacement of zoisite
and may be related to sample MVJ87-4-1, which consists of albite
and zoisite.

OTHER ASSOCIATED ROCKS
Omphacite—amphibole rock

These fine-grained dark-green to black metabasites usually have a
homogeneous texture, although many blocks are foliated with
amphibole prisms lying in the foliation plane. Veins in brittle
fractures are filled with dark-green omphacite, greenish jadeitite
(jadeite + mica) or orange-brown grossular with inclusions of
black amphibole. In thin section, the rock shows a fine- to
medium-grained (10 #m to 1 mm), mesh-textured intergrowth of
roughly equal proportions of taramite—ferroan pargasite and
ferroan omphacite plus minor amounts of corroded titanite and
interstitial fillings of albite. In the massive amphibole—pyroxene
intergrowths, the amphibole has a mosaic texture with very
irregular outlines, and it may be twinned. Clinozoisite is generally
minor, as small rounded to subhedral grains, but may comprise
20% (modal) as grain clusters and larger grains. Grossular forms
small veins or cavity fillings enclosing small euhedral amphibole
crystals. No eclogitic rocks, sensu stricto, have been identified in
the jadeitite-bearing terrane.



JADEITITES AND ALBITITES FROM GUATEMALA 57

Table 4. Representative mieroprobe analyses of micas (22 O basis).

1 2 3 4 5 6 7 8 Y 10 1 12 13 14
$i0;, 45.75 29,65 2993 50.99 51.83 37.55 45.53 41.83 49.90 48.03 46.44 52.15 52.49 35.58
TiO, 0.03 0.00 0,00 0.10 0.07 017 002 0.17 0.19 0.21 0.02 0.04 0.14 0.86
ALLO, 38.75 3711 3717 28.27 26.75 2332 40.56 3318 28.65 .92 40.49 25.58 25.35 15.42
Fe, 05" 0.28 000 0.00 0.00 (.00 0.00 0.00 0.00 (.00 0.00 0.00 0.00 .00 0.00
FeO 0.00 4.41 8.03 0.57 1.24 4.00 0.02 108 148 141 0.42 1.30 113 2076
MO — 0.21 0.12 0.00 007 .48 0.04 0.01 - - — - 0.01 0.26
Zn0 — . — 0.07 0.00 0.05 0.00 0.0 = — — - 1) —
MgO 0.29 16.36 13.90 346 4.03 19.99 013 2.48 390 2.80 0.34 4.52 4.93 12.64
Ca0 0.20 0.05 0.06 0.0 0.00 0.16 0.31 0.4 0. 0.02 021 0.03 0.01 0.07
Na, O 718 7.46 7.32 0.56 0.33 0.52 6.75 0.97 0.28 .50 5.82 0.33 a7 0.66
K0 0.79 0.24 0.26 10.17 9.69 917 0.61 7.08 10.27 9.58 1.52 1110 10.68 8.85
BaC .11 0.00 — 0.44 2.06 0.35 0.00 7.26 131 4.14 0.25 0.59 0.80) —
Ff - - — 0.04 0.06 0.00 0.09 0.00 — - — = — L
Total 93.60 95.49 96.79 94.69 96.13 95,77 94.06 94.10 96.01 97,60 95.55 95.64 95.62 95.11
Si 597 4.06 410 6.80 6.89 527 5.88 592 6.65 6.42 5.93 6.95 6.98 5.49
ALY 203 3.94 3.90 1.20 L1l 273 212 2.08 135 1.58 2.07 1.05 L2 251
Ti 0.002 0.000 0.000 0.010 0.007 0018 0,002 0.018 0.01% 0.021 0,001 0.004 0.014 0.10
AIV! 3.93 2.05 211 324 3.08 112 4.06 3.45 315 3.29 4.02 2.97 2.95 0.30
Fet** 0.027 100 [ERUEH LX) L0 {1, (AN 11000 100K} (LONK) 0000 0.000 (LM} [LINX) 0.000
Fe't 4000 .51 0.9 0.063 14 0.47 0,002 1§13 017 016 0.045 0.15 013 2.68
Mn — 0.024 0.014 0000 (LA08 0.057 0.04 0001 — o — — (001 0.035
Zn - — — 0.007 0.000 0.005 0.000 (.00 e — — — -
Mg 0.057 3.34 284 0.69 (.80 4,18 0.024 .52 0.78 0.56 0.073 0.90 0.98 2.91
ZRY! 4.01 5.02 5.89 401 4.03 5.85 4.09 4.1 4.1 4.03 4.14 4.0 4.07 6.02
Ca 0407 0008 D0 0.002 0.001 0024 0.043 0.4005 0.002 0003 024 0.004 0.002 0.m2
Nu 1.82 1.98 1.95 0.15 0.086 0.14 1.69 0.27 0.073 .13 1.44 0.085 om? 0.20
K 0.13 0.041 0.045 1.73 1.64 1.64 .10 1.28 175 1.63 0.25 1.8y 1.81 174
B 0.006 0.0000 - 0.023 011 0.019 0,000 0.40 0.069 0.22 0.012 0.031 0.042 —
ZRM 1.99 203 2.01 1.90 1.84 1.83 183 1.95 159 1.98 1.80 2.01 1.87 1.95
Total 13.99 15.95 15,89 13.91 13.87 15.68 13.93 14.07 14.00 14.m 13,87 14.02 13.94 15.98
F 0.017 0.027 0.000 0.035 0000

(1) Paragonite, MVIS49C- 1, jadeitite (4 SrO = 0.23, Sr = (L015); (2) preiswerkite, MVIB4.9C-1, jadeitite; (3) preiswerkite, MVI84-9B-1, jadeitite; (4) phengite, MVI%1-24.-2,
jadeitite; (5) barian phengite, MVI90-24-2, jadeitite; (6) phlogopite, MV190-24-2_ jadeitite; (7) paragonite MVI90-24-2, jadcitite: (8) barian phengite, MVI84-29-1, albite—mica rock;
(9) phengite, MVIE4-29-1, albite—mica rock; (10} barian phengite, MVI84-25-2, albite—mica rock: (11) paragonite, MVIB4-25-2, albitc—mica rock; {(12) phengite, MVI#4-3-2,

albite—mica rock wicymrite; (13) phengite, MVIB4-5C-1, albitite: {14) biotite. MVJ84-51-2, pyroxene vein in metabasite,

* Fe* estimated by cation sum and charge balancing,

+Cl found in only trace amounts in the same analyscs as for F.

Omphacitite

Found with jadeitite are fist-sized or smaller green rocks that
consist almost entirely of omphacite intergrowths with very minor
albite, chlorite + phlogopite, paragonite, and late-stage K-
feldspar, hyalophane and celsian. The clots of omphacite in
jadeitite are similar to these small isolated omphacitites. Some
omphacite aggregates have a conspicuous emerald-green colour
and contain small corroded chromites (usually <20 gm) sur-
rounded by a region of Cr-rich omphacite (Harlow & Olds, 1987).

Chlorite—actinolite rock

At the boundary between tectonic inclusions and serpentinite are
long, parallel clusters (up to 25cm) of actinolite prisms
(cross-sections <4 mm) with interstitial chlorite plates (=1 mm
thick). In the float around exposed tectonic inclusions, cobbles of
this coarse-textured assemblage are found, as are pieces of a
fine-grained version in felted masses (amphibole prisms <200 gm
by <e¢. 3 mm) =+ schistose foliation. Magnetite or chromite and
possibly vermiculite are found as trace phases.

Talc—carbonate rock

" A talc—carbonate rock is associated with some albitites. This tan

to white rock consists of a fine-grained, white phyliosilicate matrix
surrounding centimetre-sized clots of tan carbonate. The matrix
consists of undulating intergrowths of chlorite and talc and
millimetre-sized fan-shaped sprays of talc. The carbonate is mostly
millimetre-sized ferroan magnesite with fine-grained interstitial
dolomite. Rare clumps of micrometre-sized iron oxides are found
adjacent to the carbonate grains.

Antigorite rock

Antigorite rock occurs as stream boulders and as blocks in less
competent serpentinite. Most are non-foliated, but some are
schistose. Antigorite grains occur as subparallel plate bundles that
form a mosaic with grain sizes from about 10 gm to 1 mm. There
are sparse grains of magnetite or chromite; in a chromite-bearing
sample, the spinels are surrounded by talc. Some vein fillings of
magnesite are preserved.
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MINERAL CHEMISTRY

Pyroxene compositions (Table 3) are well described by
quadrilateral and sodic pyroxene components with little evidence
of AI'Y or vacancies. White jadeitites contain essentially
end-member jadeite, e.g. AMNH 33399 (Jd,y,), with minor, if
any, Fe-poor omphacite, e.g. Jds3DigAceHd, in MVI90-24-1.
Greener jadeitites contain jadeite with up to about 20 mol% oiher
components (analysis 7, Table 3) and, usually, omphacite. The Fe
content of most jadeite ranges from 0.01 to 0.04 cations per 6 O
but in some samples exceeds 0.1 cations, whereas the Fe content
of most omphacite is 2-4 times (in cations) that of coexisting
jadeite. The agent of emerald-green jade colouring is Crt as
kosmochlor component (Harlow & Olds, 1987). In samples with
chromian jadeite or omphacite, Fe content—probably as
Fe**—(analyses 8 & 9, Table 3) is also enriched, although the
reverse is not generally true.

Jadeite and omphacite grains are cither irregularly zoned or
rhythmically banded. In most samples, the range of pyroxene
compositions is only 5-10 mol% Jd, such as Jdys g, in jadeite and
Jd, s in omphacite in sample AMNH 45049. The greatest
compositional range is in rhythmically zoned jadeite from coarse
veins, e.g. JdgAc; to JdgDijzAc; in MVI84-9C-2. Individual
bands in rhythmic zoning (e.g. Fig. 5¢) start relatively Jd-rich and
decrease in jadeite content as they grow, varying from 2 to 10%
Jd content in a single band. The cores of most inclusion-rich
jadeite grains are irregularly zoned, and there is no consistent
compositional relationship between cores and rims (analyses 2 &
3, 5 & 6, Table 3).

Carpenter (1979) noted a break in pyroxene compositions from
diopsidic jadeite to jadeitic omphacite in Guatemalan jadeitite, a
gap between Jd,, and Jds; (Table 3, Fig. 6). The exact
compositional break varies somewhat from specimen to specimen.
A gap is also found between the compositions of augitic pyroxene
in albitite and the cluster of compositions of omphacite from other
rocks. Alteration leads to a reduction in jadeite content (Fig. 6) of
calcic Cpx, ultimately yielding diopside in albitite MV184-24-2,
The Fe contents of the diopsidic pyroxene in the albitites are
dispersed. The higher Fe content of omphacite from metabasites
than from jadeitites or omphacitites is consistent with omphacites
having an affinity with jadeitites.

White mica compositions (Table 4) generally conform to known
relationships for paragonite and phengite (e.g. see Guidotti,
1984). Values of K/(K + Na) (KKNa) for paragonite vary from c.
0.02 to 0.08 in all samples; paragonite contains significant Ca,
minor Fe and Mg and, in some cases, minor Ba. The Si in
phengites ranges from 6.4 to 7 cations per 22 O in jadeitites and
from 6.3 to 6.9 in albitites. The range of Mg/(Mg + Fer,..)
(MMF) for phengite is 0.6-0.8 in albitites and up to 0.9 in
jadeitites. The average KKNa value for phengite is c. 0.94 in

AC

Jadeitites — 1 cpx
Jadeitites — 2 cpx
Omphacitites
Metabasites
Altered Jadeitite
Albitites

D ® 4 40 =

jadeitites, with up to 5% variation in any sample, and is 0.88-0.97
in albitites. Examination by XRD yields only the 2M, polymorph
of paragonite and phengite.

Barium contents of phengites in both jadeitites and albitites
reach values up to 0.10 Ba cations per 22 O, comparable to those
reported by Ernst (1963) in phengites from two glaucophane
schists. However, phengites in albitites with celsian or cymrite
contain up to 0.40Ba cations (analysis 8, Table 4). The
com#ositional variations are most consistent with a Ba*!--
AT+ KX 4 5" substitution mechanism, typically cited for
Ba-enriched phlogopite (e.g. Bol ef al., 1989; Pan & Fleet, 1991).
This substitution decreases the number of Si atoms per formula
unit and thus produces an apparent decrease in the celadonite
component of the phengites.

Preiswerkite was first reported as a reaction rind around
pargasite within rodingite from the Alpine Geisspfad complex
(Keusen & Peters, 1980) and subsequently found in retrogressed
eclogites from Switzerland (Meyer, 1983), France (Goddard &
Smith, 1984) and Norway (TIili et al., 1989); Guatemalan
jadeitites constitute the fifth occurrence of this mica. The
structural formula for preiswerkite in altered jadeitites is (average
of many microprobe analyses; OH balanced to cation totals and
100)  (NagyKg o) (Mg, sAl oFepi)(AL 485 )Oo(OH), 5. The
compositions are more Fe-rich in some cases here (MMF =0.75—
0.88) than for the other occurrences (MMF =0.82-0.97, all
combined). The values of KKNa (0.01-0.05) and MMF of
preiswerkite are similar to those of “coexisting” paragonite and
omphacite, respectively; amphibole in jadeitite has similar KKNa
but lower values of MMF. Textures suggest that preiswerkite
appears at the expense of paragonite. The Mg-rich composition
indicates preiswerkite may be an intermediate or transitional
phase to chlorite,

Phlogopite, which is found in a few jadeitites and omphacitites,
generally has high AIY' (0.9-1.3) and intermediate to high MMF
(0.7-0.92). Phlogopite coexists with both phengite and paragonite

- (see Table 1) but not late-stage preiswerkite. Some phlogopite in

omphacitites is replaced by chlorite (e.g. sample R-10). As
suggested for preiswerkite, phlogopite indicates Mg + Fe enrich-
ment and defines a discontinuous reaction boundary, although
critical assemblages (e.g. Kfs—Ph-Phl-Qtz) for geother-
mobarometry are lacking.

Feldspar and similar minerals. All tock types contain virtually
pure low albite (Table 5). Banalsite has a paracelsian-like
structure that leads to 0.5 excess cations relative to the feldspar
sum of 5 per 8 O (Table 5), and its composition resembles that in
other jadeitites (Harlow & Olds, 1987). Cymrite is distinguished
from celsian by its texture and oxide totals in probe analyses. If
K-feldspar is not barian, it is near end-member composition.
Barian K-feldspar, which often coexists with another Ba-rich
phase, can exceed 0.25 Ba per 8 O and is thus hyalophane.

Fig. 6. Part of a ternary plot of pyroxene
compositions in terms of the molar fractions
of Di + Hd, Ac and Id. Data are plotted for
jadeitites. AMNH-33399, MVJ84-9D-1 and
R-4 with only jadeitic Cpx; jadeitites
AMNH-45049, R-1, R-12 and R-13 with
both jadeite and omphacite; omphacitites
NHMLAC-20368 and R-10; metabasites
NHLMAC-20370 and MVJ84-51-1; an

DI + HD

80

100 altered jadeitite/albitite MVI84-12-1; and
albitites MVI84-25-1, MVJ84-60-1 and
JD MVI84-5C-1.
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Table 5. Representative microprobe analyses of

€

feldspars and feldspar-like minerals (8 O basis) i 2 3 : ? 8 ¥ 8 t s y
5i0, 67.52 68.36 37.38 69.09 .56 6770 31.34 68.59 6381 54,04 32.04
Ti0, .00 [IRL 1] {108 000 (X1} (1.0 w17 [{X} 1] 1Lt 003 017
AlLO, 1910 20,40 22 19.36 18.30 19.39 25.96 1978 1£.31 20L57 27.27
Fe, Oy (Lol .06 .12 .0 0.02 {L.00 02zl (L41 002 (.07 0,29
MzO (1,00 0,060 0.02 0. oz 0.0 .05 002 .03 [h.104 (1K)
CaO 0.27 0.32 1.37 0.0 (L06 002 (12 1,36 007 007 0.32
$r0 ) — 2 - - — . — - = —
Na,O  1LED 12.00 10136 11.97 .12 11.85 .13 12.06 (.27 018 .36
K0 001 {1 (.02 003 16.56 (.04 0,20 002 1581 1217 (L33
BaO 0.0z LINLT] 17.06 n.oz 0.12 .07 A7.03 [{X}5] .74 L1y 3800
Towal 9903 101,13 100,82 100150 9974 w07 95.22 100,89 W07 99.25 .46
Si 3.0 2.96 1.98 3.00 300 2.99 202 298 2.99 2.75 2.01
Ti (L0 (000 1003 [IRF1A] {1000 {X} V4] (1L008 .00 [IREV ] 1,001 LN
Al .99 1.0 2.00 0ug 100 1.01 1,97 1.1 L.t 1.24 198
Fett [IREN]] (1AMH) (LS (00 000 11,000 0.0 0,006 11.0d1] 0003 o3
Mg 0.000 01,000 1001 1001 0001 {3,100 L0605 0001 (L1002 003 11,008
Ca (013 (M5 0.077 (.01 L0000 1.001 1009 Hhui7 1L003 1004 0021
Sr — e 0170 - - -— _ — —_ — —_
Ma 1.1 1.1 1.06 1.0 0010 1. Lile 1. 003 Lols 043
K 0.001 0.001 0002 .02 (195 [{X¥]{x] (L6 03.001 1IR3 1.78 026
Ba 0.0 (LMK} .35 0006 1,000 (LH {1.94 11,0001 (o 0.22 0.92
Total 5.01 .02 5.55 5.01 500 5. 4.99 5.02 4,99 5.02 502

{1} *Primary’ albite, MVIB4-%C-1, jadeitite; {2) secondary albite, MVJI84-9C-1, jadeitite; (3) banalsite,
MVIB4-9C-1, jadeitite (nominally NaBay, ;AL SizOy); (4) sccondary albite, MVI90-24-2, jadeitite: (5) secondary
K-feldspar, MVI0-24- [, jadeitite; (6) albite, MVIB4-3-2, albite-mica rock: (7) cymrite, MVIR4-3-2, albitc—mica rock
(possible contamination in analysis); (8) albite, MVI84-29-1. albite—mica rock; (9) K-feldspar, MVJ84-29.1,
albite—mica rock; (10) hyalophane, MVIB4-29-1, albite—micx rock; (11) celsian, MVIB4-29-1, albite—mica rock.

Analcime, nepheline and cancrinite. Analyses for these minerals
are given in Table 6. Analcime is consistently subsilicic, and
(Na + K)/Al varies between 1.3 and 0.98 but is usually > 1.0. The
lack of (Na + K) to Al balance is too large to ascribe to analytical
error. An undetected cation or anion with low atomic number
could explain the excess alkali. Natural analcime associated with
sedimentary rocks and burial metamorphism varies substantially
in Si content; low silica is sometimes associated with higher grade
metamorphism (Coombs & Whetten, 1967). The subsilicic
character of analcime in altered jadeitite may result from low age
of the assemblages. KKNa of analysed analcime varies from 0.012
to 0.003 and always exceeds that of adjacent albite and precursor
jadeite.

Nepheline is sodic (KKNa=c. 0.05-0.10) and slightly silicic,
which is typical of metamorphic to metasomatic occurrences (e.g.
Edgar, 1983). These compositions and the paragenesis via
paragonite alteration contrast with the association of nepheline in
jadeitite from Myanmar, Burma (Lacroix, 1930; Tilley, 1956). In
the latter rocks, nepheline forms in veins at the expense of jadeite
and has a composition near NeyKs,,. The composition of
comparably formed nepheline in sample R-12 is similar to that of
nepheline in paragonite breakdown (Table 6).

Cancrinite in sample MVI84-9D-1 contains insignificint § and
Cl based on EDS spectra. The rare presence of cancrinite in
jadeitite indicates locally high aco, during alteration, which is
consistent with a CaCO, presence in few jadeitites and albitites.

Amphibole. The blue pleochroic amphibole found in altered
jadeitite is wusually a magnesio-alumino-taramite with the
approximate formula Na,CaMg,FeFe hAl; (Si,0.(0H),. In
metamorphic or metasomatic rocks alumino-taramite has been
reported only in altered eclogites from Norway (Smith, 1988) and
France (Lasnier & Smith, 1989). The KKNa for Guatemalan
amphiboles ranges from ¢. 0.025 to 0.05 and MMF from ¢. (.5 to
0.64. Zoning occurs with respect to MMF; although patterns
suggest a core-to-rim Mg enrichment, they are not uniform or
regular. Amphibole from metabasites is similar in composition but
richer in Fe and poorer in Al, tending toward pargasitic
hornblende. In all of this amphibole, the A-site is fully occupied
{Table 7).

In albitites lacking omphacite, all amphibole is
tremolite/actinolite with MMF ranging from 0.75 to 0.90 and

Al"Y <0.40; in individual samples MMF varies by <0.1.
Compositions of actinolite in actinolite—chlorite rock (analyses 8
& 9, Table 7) range from c. 0.85 to 0.93 in MMF.

Clinozoisite and zoisite. Whereas Fe content suggests clinozoisite
predominates in jadeitites and altered jadeitites—Fe/(Fe, + Al)
ranges from (.10 to (.21 (Table 8)—diffraction and optical data

Table 6. Representative microprobe analyses of analcime (96 O basis),
nepheline (32 O basis) and cancrinite (Al + Si= 12 basis)

1 2 3 4 5 6 7 8
Si0, 4936 5202 5153 4338 4276 4309 4397 3621
TiO, (1 T X 004 00 00 000 000 0o
ALO; 2460 2436 2547 3460 348K 3574 3484 3280
FeO GO0 000 000 B80S 003 000 002 oK
MnO (.00 — non 000 0 oz 0o 014
MgQ 000 004 000 001 0 oo D02 0o
CaO oz 005 04 094 063 058 DS 5HS
Na,O 1542 1508 1529 1951 1780 1789 1835 1956
K0 025 027 122 15T 60 445 261 005
Total 8965 9LEZ 9259 10006 9872 10176 10032 94.61
Si 30012 3R 33T R0 B0 K10 R3 SE0
Ti 000 000 002 0000 0000 000 000 000
Al 1769 17.00  17.67 775 789 792 775 620
Fe 000 000 000 0008 0004 0000 0003 000
M (.00 = GO0 0A00 0002 0004 tenl 00w
Mg 000 004 000 0002 0000 000 0005 0.00
Ca ez 0Md 00z 009 013 012 a0 Lol
Na 1824 1732 1744 707 662 652 67 608
K 019 020 047 038 064 LT 063 000
Total 6625 6543 6563 2370 2348 2373 2350 1911

(1} Analcime, R-15. jadeitite; (2) analcime, AMNH 33399, jadeitite: (3) analcime,
MVIS49B-1, jadeitite: (4) nepheline (Neg,Ks, yOtzs (). MVIR4-YC-1. jadeitite, Pg
replacement; (5} nepheline (Mey,Ksy (zs ), R-15, jadeitite, Pg replacement: (6)
nepheline  (NewKs),Otzy ). MVIS9B-1, jadeitite, Pg replacement: (7)) nepheline
(Neyg,Ksq Otzs ). R-120 jadeitite. Ab+Ne intergrowth; (%) cancrinite-like phase,
MVIB4-9D-1, jadeitite. in vein,



60 G. E. HARLOW

Table 7. Representative microprobe analyses of amphiboles (23 O basis)

1 2 3 4 5 6 7 & 9

Si0, 42,92 4279 4104 4079 4004 4084 5675 36001 56.89
TiO; 0.30 (.46 0.04 0.32 0.32 0.72 00s 00 002
AlLO, 1981 1979 2065 1436 1748 1799 215 1w 054
Fe.0,* (.31 0.00 2.73 0.67 225 0.00 0.00  0.00  0.00

FeO 10,55 1208 1150 1775 1923 1776 419 730 433
MnQ .41 .45 .53 0.31 .13 0.48 016 019 020
MgO 9.95 8.40 799 T28 4.56 595 2131 1904 22.04
Cao 7.86 7.41 7.51 9.90 7.84 745 10,36 1055 12.65
Na, O .12 593 6017 4.37 4.99 4.62. 242 150 0.8
K,0 0.36 0.40 .49 0.18 1.04 0.60 016 09 010

Total 98.59 9770 98.54 9594 9789 964l 9778 9673 9758

Si 6.16 6.22 5.98 6.29 6.10 .20 784 790 791
ALY 1.84 1.78 2.02 1.71 1.90 1.80 06 040 0.09
Ti 0033 0050 0.004 0037 0037 0082 0009 0010 0002
Al 1.51 1.61 1.52 0.90 1.24 1.42 019 022 (.000
Fed*+ 0.033 0000 030 0.078 026 0000 0,00 00K 0.000
Fe?* 1.27 1.47 1.40 2.29 2.45 2.25 048 086 (.50
Mn 0.050 0055 0065 0040 0017 0062 0.019 0,023 0023
Mg 213 1.82 1.74 1.68 1.04 1.35 439 400 457
Sum Cf 5.02 5.01 503 5.02 5.04 516 508 512 510
Ca 1.21 1.16 117 1.64 1.28 121 153 159 188
Nag 077 0.84 .80 .34 (.68 0.63 038 028 0
Sum B 2.00 2.00 2.00 2.00 .00 2.00 200 200 200
Nag, 0.93 0.83 0.91 0.9 (L80 0.73 032 013 020
K 0066 0074 009 0036 020 012 0,027 0.016 0.018
Total 16.00 1591 16,00 160K 1600 1585 15.35 15.14 1522

(1} Magnesio-alumino-taramite, more  magnesian, MVIB4-9C-1,  jadeitite: (2)
io-alumi itc, more ferroan, MVJ84-9C-1, jadeitite: (3) magnesio-

alumino-laramite, MVIB4-9B, jadcitite; (4) ferroan pargasite, NHMLAC 20370,
metabasite: (5) ferroan taramite, MVJ84-51-1, metabasite; (6) ferroan taramite.
MVI84-12-1, highly altered jadeitite; (7} tremolite, MVI84-57-1, tremolite/actinolite
schist; {B) actinolite. MVIB4-57-1, albitite; (9) actinolite, MVJB4-66-1, chloritc—
actinolite rock.

* Fe?' caleulated to reduce cation total to 16.0.

1 Cations in Sum C (M,_;) in excess of 5.0 are added to B{M,) cations.

indicate the presence of zoisite. Analyses of zoisite from albitites
show total Fe as Fe,0,<2.0wt%, and from 0.5 to 2.5 wt% SrO;
Fe and Sr are enriched in the rims of crystals. Weak plecchroism
and a few probe analyses indicate compositions transitional
between clinozoisite and epidote, i.e. 1Fe® per 250, in
metabasites. Some clinozoisite in metabasites contains > 10 wt%
SrO (analysis 4, Table 8).

Chlorite grains in actinolite—chlorite rock are sheridanite/clino-
chlore (nomenclature after Hey, 1954) with MMF of 0.82-0.89
(Table 8) and are less homogeneous than coexisting actinolite.
Clinochlore in omphacitite ranges from 0.85 to 0.92 in MMF
values of 0.90-0.96. Some chlorite grains are “intergrown” with
phengite in the albite—mica rocks.

DISCUSSION
Tectonic inclusions and zoning pattern

Jadeitites from Guatemala, like others known, occur as
tectonic inclusions in a serpentinite—matrix melange. The
field and petrographical relations reveal a core primarily of
jadeitite, infiltrated and surrounded by increasing amounts
of albitite, a boundary blackwall zone of chiorite &
actinolite and finally the serpentinite matrix (see Fig. 2).

Some blocks consist only of jadeitite alteration products.
Since albitite and albite mica rock are found together in
the field, they may have formed in a single event.
Metabasites are found with jadeitites, and the veins of
jadeitite in metabasite indicate that metabasite predates or
is coeval with jadeitite. However, the spatial relationship
of metabasites to jadeitites and albitites is unclear.

Primary jadeitite and the question of jadeitite
protoliths

The near monomineralic constitution of jadeitites and their
restricted provenance indicates they are metasomatic rocks
(Coleman, 1961, 1980). Other jadeitite occurrences
sometimes manifest a concentric zoning pattern with a
non-jadeitite core that typically suggests an albititic
protolith (e.g. Chhibber, 1934; Chihara, 1971), but no
evidence of a protolith was found in this study. If
Guatemalan jadeitites were created by replacement, the
protolith texture or mineralogy cannot be recognized,
except perhaps for muscovite inclusions in jadeite grains
and corroded titanites in jadeitites. Moreover, the
advanced alteration of jadeitite to albitite obscures
prealteration textures and mineralogy. None the less, it is
useful to examine the potential reactions that can form
jadeitite.

Primarily jadeitite consists of jadeite, white mica, and
probably albite + titanite, apatite, zircon and possibly
(clino)zoisite (Tables 1 & 2). Without quartz, jadeitite
cannot be formed isochemically from a reaction like

NaAlSi;O,=> NaAlSi,O,+ Si0, . (1)
Albite Jadeite Quartz

However, the isochemical reaction

NaAlSi;Og + NaAlSiO, = NaAlSi,O, 2)
Albite Nepheline Jadeite

is also inappropriate, because syenitic (silica-depleted)
rocks are unknown in the region.

The serpentinite host is thought to facilitate the forma-
tion of jadeitite (e.g. Coleman, 1961, 1980; Dobretsov, 1963,
1984). For a serpentinizing or serpentinized ultramafic
rock, fluid-enhanced interactions with a tectonic block
could be signficant for many chemical species. Silica
activity will be strongly affected by the olivine-to-pyroxene
ratio of the original ultramafic rock in the serpentinite-
forming reactions

Mg, 810, + MgSiO; + 2H,0 = Mg:8i,0(OH), (3)
Olivine Pyroxene W Serpentine

and, more importantly,

2Mg,Si0, + 3H,0 = Mg,S5i,05(OH), + Mg(OH),. (4)
Olivine w Serpentine Brucite

Silica activity should be reduced below unity by
serpentinization of a dunitic to harzburgitic protolith.
Unsheared serpentinites indicate such protoliths along the
Motagua Fault (Bertrand & Vuaguat, 1975, 1976, 1977,
1980).
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Table 8. Representative microprobe analyses of
zoisite, clinozoisite (25 O basis) and chlorite (28 O
basis).

1 2 3 4 5 ] T 8 9 1] 11

Si0, 3894 3770 38.27 3548 3882 3560 3586 32.83 3245 30,64 38.20

TiO. 006 008 I8 009 Dan 003 003 0.01 .08 0,02 001
Cr,0,4 — — 002 — — 008 003 — — = {8
ALO, 2851 2542 2584 2193 3131 1371 149 15.08 16.2 12.48 17.50
Fe,0,* 523 993 949  1L0O3 098

FeQ 490 677 685 9.39 5.42 220
MnO* 04 006 = no7 004 009 — .04 007 005 —
MeO 003 002 03l 01 004 3257 30018 3170 27.91 29.02 28.49
Ca0 2398 2357 2268 1557 23w a7 0.23 0.06 ({81} 10.63 .40
5r0 0os oo — 127 1.36 - sig — — s -4
Na,O 0.7 002 000 002 000 o0 005 (.00 1h.95 0.05 0.00
K,0 —_ - 0.01 — —_ mos 017 0.l 017 015 .15
Total 96,90 9680 0680 9457 9604  B726  HRZR #6.59 5736 87,51 B7.05
Si 607 B0 605 610 606 672 673 6.32 6.29 7.40 7.02
Al'Y 1.2% 1.28 1.68 1.71 0.60 0.95
Ti 0007 00 0022 03 001 00 0aee 0,001 0012 0.002 0002
Cr = = o == = 0012 0004 —_ = = 06
Al 525 477 482 446 576 176 2,03 1.74 2.0 214 2.81
Fett? 161 119 1.13 143 012

Folts 077 L.06 (1] 1.52 185 1034
Mn* 0S8 — 0o 0005 004 — 0007 0o 0.001 —
Mg 0008 0004 0072 0025 0009 915 K44 w10 807 807 7.81
Ca 4.m 402 384 290 3.9] O35 .046 0013 0.022 013 0.078
Sr 0004 000 — Lo3 012 —_ — - e — =
Na 0021 0008 0000 0008 000 0000 0.019 1,000 0,36 0018 0001
K — — o2 — —_ 03 il .01 0.042 0,035 0.035
Total 1599 1601 1594 1594 1599 1976 19.65 19.97 2004 19.25 19.00

(1) Clinozoisite, MVI84-9C-1, jadeitite; (2) clinozoisite, MVIS4-9C-1. jadeitite; (3) cpidote, MVIB4-23-1,
metabasite (includes (114 wi% BaO); (4) strontian clinozoisite. MVI87-14-1, metabasite; (5) zoisite, MVI84-29-1,
albite-mica rock: (6) clinochlore, MVI8441-4, omphacititc; (7) clinochlore, R-10, omphacitite; (8)
clinochlore/shernidanite, MVI84-66-1. chlorite-actinolite rock; (%) clinochlore/sheridanite, MVI&7-1-2, chlorite—

actinolite rock; (10) penninite, MVJ184-24-2, albitite; (11) clinochlore, MVIE4-23-2, albite—mica rock,
* For {clino)zoisites only, all Fe and Mn caleulated as trivalent.

Thus, reaction (1) may not be univariant, because an
as0, of <1 could be imposed by reactions in the
serpentinite. A revised reaction is

NaAlSi;O, = NaAlSi,O, + Si039,
Albite Jadeite

(1A)

in which the interaction of an aqueous fluid between
serpentinite and jadeitite is critical.

The mineralogy of jadeitites requires (1) a protolith of
essentially jadeite composition, (2) Na-metasomatism of a
protolith with high Al/(Fe,+ Mg) (or interaction with
fluids having high Na activity compared to K, Ca, etc.) or
(3) a fractionation process that extracts jadeitite
components from some protolith and crystallizes them as
bodies within the serpentinite. For a metasomatic process
in which alkalis and silicas are the most significant mobile
species, an aluminous rock could be an appropriate
jadeitite protolith.

Candidates for protoliths are limited. McBirney (1963)
noted inclusions of felsic and mafic pelitic schist,
amphibolite and marble of the adjacent Chuacis

. Formation in serpentinites about 70km west of the
jadeitite occurrence. He also described amphibolite
inclusions consisting of albite and uralitized jadeite; no
data are available for these minerals and rocks. In the
study area, the felsic rocks in fault contact with
serpentinite are the San Agustin gneiss and the Jones
metasedimentary rocks. The San Agustin gneiss is a
metagraniteid composed of K-feldspar, quartz, muscovite,

albite, biotite, epidote and garnet (Bosc, 1971). The Jones
metasedimentary rocks (Newcomb, 1975) and undivided
Chuacis schists (McBirney, 1963; Bosc, 1971) contain a
higher proportion of quartz and mica than feldspar
compared to the San Agustin gneiss. Mafic parts of these
schists contain abundant titanite, which might explain the
origin of corroded titanite in some jadeitites.

Plagiogranite, a typical component of ophiolite suites, is
a hypothetical protolith, particularly since Coleman (1961)
suggested that quartz keratophyres (plagiogranite-like
rocks) were metasomatized and remobilized to form the
jadeitite in the New Idria serpentinite body of California.
However, no plagiogranite is known from the ophiolite-
like terrane along the Motagua Fault Zone; plagiogranite
is not a likely protolith.

Reaction paths between potential protoliths and
jadeitites can be estimated by examining pairs of bulk

compositions. Some patterns are evident from the
concentration ratios (jadeitite-to-protolith) of major
element oxides (Table 9) for representative rock

compositions. Relative increases are uniformly required
for Na,O, 22-18 times, and Al,O,, 1.1-2.5 times; relative
decreases are required for K,O, 0.004-0.15 (to 2.2 relative
to a plagiogranite) times, for FeO, 0.03-0.72 times and
generally for Si0,, 0.7-1.2. The chemical changes are
primarily (1) an exchange of Na for K, (2) an exchange of
Na couples like NaAl for CaMg and (3) a reduction of
silica. Silica decrease may be explained by low ago, in
serpentinite (Coleman, 1961, 1980; Dobretsov, 1984). The
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Table 9. Comparison of possible protolith to jadeitite and albitite
compositions.

Concentration ratios

Jadeite {Jadeitite/protolith) Adbitite
jadeitite
TD-1  OM-32  SAG DN-1 DN-5 DN-21  DN-22 18

Si0;  6LE 0.85 (.88 0.79 103 0.94 1.17 111
Ti0, 0.02 0.04 0.05 0.2 (.03 0.2 .02 .50

ALO, 22.39 La7 1.51 2.34 1.27 1.23 1.2 0.76
Fe,0, .15 0.05 010 0.12 0.05 0.03 .04 180
FeO 0.30 .33 .16 0.15 0.08 0.41 .07 1.87
MO 168 1.68 1.49 1.71 0.60 0.60 0,50 0.21
CaQ 0.60 0.20 .28 0.38 0.14 2.14 (.10 1.67
Na, G 12,43 235 4.67 598 344 744 15.7 (.86
K.O 0.26 217 0.06 .15 0.15 (L08R (.05 .50
ZC5-20 L
Si0,  57.08 (.78 0.81 .73 0.95 (.87 1.08 1.16
TiO, 0.25 (.53 (163 (.25 0.38 0.24 0.27 1.76
ALO;  19.30 L4 1.30 2.1 1.10 106 112 L67
Fes04 6.06 2.16 4.21 4.66 1.95 L.15 1.55 014
FeO .53 0.58 0.29 0.27 0.17 0.72 012 1.51
MgO 1.66 1.66 1.47 1.69 0.60 0.59 (.49 186
CaO 3.08 1.03 1.42 1.95 0.71 11.0 0.53 1.32
Nay, O 11.73 2.21 441 5.64 3.29 702 14.8 0.57
K;O 021 1.75 0.05 013 012 (106 0.04 1.17
Pa-Jd 18
Si0, 587 091 .83 0.75 0,98 0.90 L1l 116
TiO, 0.41 (.45 1.0z 0.41 0.63 0.40 0.44 (1.025
AlLD, 242 1.6l 1.64 2.53 1.38 1.23 140 (171
Fea0, 0.53 16 0.37 0.41 017 .10 014 .51

FeO 0.13 0.03 0.07 0.07 0.03 .18 (.03 4.3
MgO 0.43 0.13 0.38 0.44 0.15 015 013 .81

Ca0 1.00 0.18 (.46 0.63 0.23 3.57 17 1060
Na,0O  14.37 3.69 5.40 691 4.4 B.60) 18.2 0.74
K,0 0.02 ol 0.005 0.01 om (L0006 0.004 6.5

Sources of bulk composition are as follows: jadeitite (McBimey er af., 1967, Silva,
1970; and modal estimates from this study), plagiogranites (Coleman & Donato. 1979),
albitites (Bertrand & Vuagnat, 1976; Silva, 1970; Donnclly & Newcomb, unpubl. data),
Joncs metasediments and Chuaciis granitic gneisses (Donnelly & Newcomb. unpubl.
data).

TD-1, jadeitite (Silva, 197(): OM-32. plagiogranite (Coleman & Donato, 1976},
SAG, average of 26 San Agustin granites (Donnelly & Newcomb, unpubl. data); DN-1.
migmatite (ibid); DN-5, Jones metasediment (ibid); DIN-21, Jones mica schist (ibid);
DMN-22, Jones mica schist (ibid), ZCS-20, jadeitite {(Silva, 1970); Pa-Jd. paragonite-
bearing jadeitite, consisting of 92% Id, 5% Pa, 2% Ab. 1% Ttn, by weight. calculated
from mincral compasitions; 18 and L, albitites (ibid).

Na,O increase indicates that the fluid involved must have
had a high ay, and exchange potential (sufficient
water-to-rock ratio). The AlO, increase suggests that it is
immobile or that an NaAl couple, in solution, replaced
other cations to produce Na/Al=1. The Mzl rocks are
slightly richer in K and Mg versus Na and (Mg + Fe) than
the RLP jadeitites. ’

Many of the Guatemala jadeitites are composed of or
heavily infiltrated by jadeitite vein material in fractures.
Thus, jadeitites and/or their protoliths may have
undergone pressure solution — fracture redeposition such
that jadeitites are largely reworked vein material. For such
a situation, solution and recrystallization by a fluid
saturated with respect to jadeitite phases is more
applicable than complete metasomatism of a protolith. If
the process is dominant, jadeitite protoliths may never be
found. However, a source for the jadeitite chemical
components is still needed; pelitic or felsic rocks are
obvious candidates.

A dissolution/precipitation mechanism begs examination
of the solubility of the jadeitite and protolith minerals as a
function of P/T, fluid composition and fluid flow. Some
experimental results show increasing solubility of silica
with respect to alkali aluminosilicates with increasing
pressure P (e.g. Woodland & Walther, 1987), thus
favouring silica depletion by dissolution in a fluid-flushed
environment. However, in high-P/T metasomatism in the
Tauern window, Na decreases along with Si (Selverstone ef
al., 1991). Calculations by Dipple & Ferry (1990) and
Ferry & Dipple (1991) show the effects of P-T gradients
on exchange of Si, K, Na, Ca and Mg between rock and
fluid flowing up a vertical fault. If fluid flows down a
temperature gradient to lower pressure conditions, it
becomes saturated in SiO,, but not Na or K. If upward
flow occurs in an inverted temperature gradient, soda and
silica saturations can occur together. However, the initial
ay, must be relatively high, which suggests a seawater-like
fluid source.

Fiuid flow and the tectonic environment of a
serpentinite~matrix melange probably work together to
form jadeitite. The serpentinite host provides a silica sink
and a weak boundary for concentration of fault movement.
The conduit provided by the Motagua Fault Zone provides
a mechanism for sequential fracture filling. Pulsed
fractures permit entrance of fresh fluid into opened
cavities; each pulse of fluid could yield a rhythmic band on
zoned pyroxene crystals in veins, as has also been
interpreted for zoned omphacite in veined Alpine eclogites
by Philippot & Selverstone (1991).

Jadeitite alteration and formation of albitite

Several reactions are required in jadeitite alteration. Many
of these are net transfer reactions which are given here in a
simplified chemical system with end-member phase
compositions. The first reaction is the hydration of jadeite
to produce the analcime observed in fractures and on grain
boundaries:

NaAlSi—_}Oﬁ = H20 # NaAlSizoﬁ'I'Izo. (5)
Jadeite W Analcime

One sample (R-12) demonstrates the reaction Jd=>
Ne + Ab (the reverse of reaction 2), followed by analcime.
The texture indicates either

NaAlSiO, + NaAlSi,O + H,0 = 2NaAlSi,O,-H,O.  (6)
Nepheline Albite w Analcime

ar

NaAlISiO, + SiO3" + HO = NaAlSi,O,H,0, (7)
Nepheline W Analcime

and presents an essentially invariant or univariant
assemblage depending primarily upon whether Py, =P;
(see below). The alteration textures indicate replacement
of analcime by albite:

NaAlSi,O,-H,O + Si0;" = NaAlSi; O + H,O  (8)
Analcime Albite W
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In some cases, however, albite evidently replaced jadeite
by the reverse of reaction (1A). As the jadeite component
is consumed, the relict pyroxene becomes increasingly
diopsidic (augitic), explaining the blebs of augite in
albitites.

The other major breakdown product of jadeitic
pyroxene is magnesio-taramitic amphibole which probably
sequesters augite and acmite components of the original
pyroxene. The values of Na/(Al+ Fe™) in pyroxene and
amphibole are ¢. 1, whereas Ca/(Mg + Fe) decreases from
1 to =0.5, respectively. This suggests that amphibole
formation requires interaction with chlorite or serpentinite
via the fluid. With increasing albitization, the amphibole
changes to actinolite, with no observed intermediate
compositions. This change probably reflects a transition
from jadeite-stable to albite + chlorite-stable assem-
blages, as discussed below.

Remarkable reactions are recorded in the breakdown
textures of paragonite. The most frequently observed rims
around paragonite consist of sodic nepheline, which
suggests

NaAlSi;0,,(OH), + 2Na' = 3NaAlISiO, +2H*, (9)
Paragonite Nepheline

and another rimming phase is banalsite, which suggests a
reaction like

4NaAl;51;0,,(OH), + 2Na* + 3Ba*"
Paragonite
= 3BaNa,ALSi, 0\, + 8H". (10)
Banalsite

Both reactions indicate the influence of the fluid on the
stability and composition of the solid phases.

Clinozoisite is closely associated with paragonite and
perhaps phengite breakdown. It is a further example of
initial reactions that preserve Al/Si but exchange large
cations. A suggested reaction is

NaAl,Si;0,,(OH), + 2Ca** + H,O
Paragonite W
= Ca,AlLSI;O(OH) + Na* + 3H". (11)
Clinozoisite

The formation of preiswerkite is texturally and composi-
tionally related to paragonite much as taramite is to
pyroxene; the value of Na/Al between the former two
phases is roughly constant but the content of (Mg + Fe*")
increases in the alteration phase. Thus, preiswerkite also
indicates the addition of a mafic component from the
serpentinite through the fluid. Nepheline disappears by
reactions (7) plus (8). It is, at most, locally stable during
alteration and is unstable in the albitite phase assemblage.

Albitite compositions are compared to jadeitite as major
element concentration ratios between two albitites (Silva,
1970) and jadeitites (Table 9). The results are generally
consistent with the interpretations of alteration reactions,
in particular requiring SiO, increase. However, MgO
ratios vary, which may indicate inappropriate pairing of
rock compositions.

Textures of jadeite grains: alteration or relict
protolith

There are several interpretations for the abundant mineral
inclusions in cores of jadeite grains in many jadeitites.
First, jadeite may be similar to garnet in its propensity to
include other phases as grains grow, preserving successive
metasomatic assemblages. Second, if jadeite grew by
replacement, the inclusions may represent protolith
mineralogy. Third, inclusions may be alteration minerals.
Finally, if rhythmic zoning of jadeite records pulses of
changing conditions, inclusions may represent oscillating
conditions of growth, alteration and further growth.

Many inclusions are elongated along the c-axis of
jadeite, the direction of greatest diffusivity (e.g. Farver,
1989), the intersection of jadeite cleavage, and an avenue
of subgrain-boundary diffusion. In order of decreasing
abundance, the inclusions are albite, white mica,
amphibole, zoisite, preiswerkite and analcime. Albite
inclusions are uninformative. Except for rare muscovite
inclusions, the white mica inclusions are identical to micas
intergrown with jadeite and thus probably are simple
coeval growth inclusions. Amphibole, analcime, zoisite
and preiswerkite are clearly alteration products. Only
muscovite inclusions suggest affinity with a protolith. The
paragenetic affinity of inclusions suggest a complex history
for jadeitites that involved changes in conditions such that
jadeite {and white mica) first grew, then albite, more
jadeite, then alteration-like minerals formed, then jadeite
overgrowth, and finally alteration conditions dominated.

Physical conditions of petrogenesis

A petrogenetic grid for P-T reaction equilibria was
calculated with the program GEO-CALC (Berman et al.,
1987) using the data of Berman (1988) unless otherwise
noted. Thermodynamic data for nepheline (Berman, pers.
comm.) and analcime (see Appendix) were included.

Jadeitites

The simplest system that approximates the phase relations
of  jadeitites (Jd + Pg/Ph + Ab £+ Omp + Ttn) is
NaAlSiO,~8i0,-H,O (NASH; Liou, 1971). The presence
of jadeite, albite and aqueous fluid (e.g. H,O-rich fluid
inclusions in jadeite and vein textures) and the lack of
primary analcime or quartz constrain pressures below the
Jd + Qtz = Ab reaction (1) and above the Jd+ W = Anl
reaction (5). The experimental calibration of reaction (5) is
critical to interpretations of jadeitite petrogenesis. The
experiments of Manghnani (1970), where Py =P, (see
Fig. 7a), are most consistent with other calibrations (e.g.
Kim & Burley, 1971). The invariant for reactions (1), (5)
and Anl+Qtz=Ab+ W (Liou, 1971; Thompson, 1971)
extrapolates to <<100° C and does not plot with the chosen
analcime data in GEQ-CALC except at very low agq, (Fig.
7b). Silica solubility in analcime was not modelled, but it is
probably important in natural analcime (e.g. Helgeson et
al., 1978). At 100°C the pressure range for jadeitite
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Fig. 7. P-T diagrams for critical discontinuous reactions relevant
to Guatemalan jadeitite and albitite petrogenesis. Stable reactions
are shown as solid lines; dashed lines represent reactions at
reduced cZo, Pg, H,O or 8i0, activity. (a) General constraints at
unit activities; reactions defined by an integer include (12) 4 Lw +
2Jd=Ab+Pa+2cZo+6W,(13)4Lw+ Ab=2Qtz+Pa+
2cZo+6W, (I4)dLw+1ld=Qtz+Pa+2cZo+6W and (15)
4Lw+2Anl=Ab+ Pa+ 2cZo + 8 W (dashed lines represent
a.4,=0.69 and ap, = 0.95, taking into account compositions of

stability is from 5 to 6.5 kbar. Maximum temperature is
limited by the almost vertical bulk melting curve for the
system at ¢. 600°C (e.g. Thompson & Thompson, 1976}
and the reaction Jd = Ne + Ab (2), which limits pressure to
between 11 and 17 kbar (Fig. 7a).

These estimates represent all phases at unit activity. The
absence of quartz requires ag;e, < 1; calculated contours of
@sio, in Fig. 7(b) indicate that its value could range from
0.2 to ¢ 1 (c 0.7=logas,<0) and maintain jadeite
stability above the Jd + W = Anl reaction (5). As a;,0<1,
minimum pressure from reaction (5) must be somewhat
lower. The presence and saline composition (¢. 7% NaCl)
of fluid inclusions in Jd (Harlow, 1986) indicates a
substantial a;,0. An gy,0 of 0.8 lowers pressure by only c.
0.5 kbar for reaction (5) (Fig. 7¢). Thus, Guatemalan
quartz-free  jadeitites evidently represent high-P-T
parageneses.

Celadonite-rich muscovite is associated with conditions
of relatively high pressure. Jadeitites lack the limiting
assemblage of Ph—Phl-Kfs—Qtz, but, the calibration of
Massonne & Schreyer (1987) yields a minimum pressure
estimate for the assemblage Jd-Ph—Phl-Kfs(?) of three
jadeitites (Table 1). Phengite in these samples has Si
contents of 3.24-3.36 (per 11 O) which yields 3.5-7 kbar at
300° C or 6.8-10.3 kbar at 500° C.

The presence of clinozoisite and absence of lawsonite in
jadeitites permit the application of an important limiting
reaction:

4CaAl,S1,0,{OH),-H,O + 2NaAlSi, O,

Lawsonite Jadeite
= 2Ca,Al;8i,0,(OH), + NaALSI;O,,(0OH},
Clinozoisite Paragonite
+ NaAlSi, O + 6H,O. (12)
Albite W

However, (clino)zoisite may not be an equilibrium phase
in many jadeitites. The experimentally observed reaction
4w+ Ab=2Qtz+Pa+2Czo+ 6 W (13) of Heinrich &
Althaus (1980) is essentially identical to the calculated
reaction (Fig. 7a). The intersection of reactions (5) and
(12), adjusted for compositions of clinozoisite and
paragonite in jadeitite, defines a minimum temperature of
c.300°C at ay,,=1 for (clino)zoisite-bearing jadeitites
(Fig. 7a). Clinozoisite textures suggest that this constraint
applies to the end of jadeitite formation or to the onset of
albitization.

The evidence of the Jd—-Omp—Augite solvus in jadeitite
pyroxenes indicates T <400°C, but the solvus is not
sufficiently well constrained to interpret the gap between
jadeite and omphacite compositions (Carpenter & Smith,
1981). The microstructures in typical omphacite in
Motagua jadeitite were examined by Carpenter (1979,

cZo and Pg in typical jadeitites). A suggested outer envelope for
conditions of formation of jadeitite and jadeitite alteration and
albitite is defined by curved coarsely dashed line. (b) Stable
portion of NASH system contoured for ag,q, from 1.0 to 0.2.

{c) Stable portion of NASH system contoured for @y, from 1.0
to 0.2, :
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1981), who found abundant anti-phase domains (APDs) c.
100-200 A in size. Based on T—P estimates of 350-400° C
and 6-8kbar, which relied on misinformation that
lawsonite was present, Carpenter (1981) estimated that the
microstructures required c¢. 10° years to form. Following
his analysis (Carpenter, 1981), higher temperature
estimates yield unrealistically short periods for microstruc-
ture growth (e.g. 1077 years at 600°C); at 450°C
the growth time is only 100 years. If the T—T—-T curves are
correct, then maximum temperature for omphacite-bearing
assemblages is 300-400° C. In conclusion, primary jadeitite
could have formed at a range of pressures (see Fig. 7) with
maximum T =¢. 400°C.

Alteration of jadetite

Analcime replacement of jadeite places P—T conditions
below the Anl=1Jd+ W reaction (5) (see Fig. 7). If
Py 0 < Pr, the reaction pressure is lowered as shown by the
@y,0 isopleths in Fig. 7(c). Such a reduction in ap,
(0.6>a,,,0=0.4) explains the breakdown Jd=>Ne + Ab
observed in sample R-12 at T <400°C, but reduced a5
was evidently local and rare. Because reaction (5) is
indicated by most textures, its slope is very shallow, silica
is not involved in it, and because of the abundant evidence
for the presence of an aqueous fluid during alteration, the
P-T trajectory for jadeitite alteration most likely was
dominated by decreasing pressure,

The presence of relatively pure late-stage K-feldspar in
jadeitites and albitites provides an estimate of equilibra-
tion temperature, although the phase composition could
easily represent an annealing condition on cooling. From
various strain-free albite—K-feldspar solvi (e.g. in Yund &
Tullis, 1983) the values of Or,, . indicate T <<300°C, up
to P =10kbar.

Albite-rich rocks

Albitites contain Ab + Tr + Cpx &+ Qtz + Zoi + Chl + Ph.
Because the albitites form by alteration of jadeitite, the
interpretation of decreased pressure for jadeitite altera-
tion, discussed above, indicates that these rocks formed at
P <c 7.5kbar (at 400°C). Albitites with Ab+ Qtz +
Zoi+ Tr+ Chl define a greenschist facies assemblage in
the metabasite petrogenetic grid of Liou ef a/. (1985) at
350400 °C, 3-8.5 kbar.

The albite—mica rock assemblage Ab+Ph+ Zoi+
Chl £+ Otz + Mc + Cel/Cym falls within a large region of
the greenschist and amphibolite facies limited by reaction
(1), the paragonite stability field and the reactions
Kin + Kfs = Ab+ Ms + Qtz+ H,0 and probably Lw +
Ab=Pg+Zoi+Qtz+W (Thompson & Thompson,
1976). In albite—mica rocks containing Ph+ Chl+ Kfs +
Phl, Si cations in phengite range from 3.35 to 3.45 which
yield minimum pressures of 7-9kbar at 300°C or
8-10kbar at 400°C (Massonne & Schreyer, 1987).
Phengite from cymrite-bearing sample MVI84-3-2 has an
Si content > 3.45. The presence of celsian (versus cymrite)
in albite—mica rocks requires P <¢. 6.5 kbar at 400° C and

Puo=Pr (Fig. 7a), based on the calibration of
Cym = Cel+W by Graham et al. (1992). Discrepancies
between the phengite and cymrite/celsian barometry may
reflect late-stage Ba enrichment. Albite—mica rocks show a
pressure-dependent trajectory that extends from higher-P
jadeitite stability conditions to lower-P alteration condi-
tions. Thus, albitites formed at lower pressure at the
expense of jadeitite; some albite—mica rocks could have
formed at pressures comparable to jadeitite (but at higher
ag0,) and yet others at lower pressure conditions. Both
albite-rich rock types require temperatures of 300-400°C
to stabilize zoisite, which puts them at the high end of the
jadeitite temperature spectrum (Fig. 7).

Further comments on chemical conditions

Jadeitites and albitites have been strongly influenced by
changing ag;o,. Contouring of age, in Fig. 7(b) for reaction
(1) indicates the jadeitite mineral suite (and the fluid that
affected it) can be constrained to ¢. —0.7 <log a5, <0. At
comparable P-7, the reaction brucite + silica = chrysotile
in serpentinite (e.g. Berman er al., 1986) yields log
dgi0, < —2, which makes the matrix a suitable sink for silica
while brucite existed. The early subsaturated state of dsio,
during jadeite formation changed to saturation during
albitization. No reaction within the joint serpentinite—
jadeitite assemblage at the appropriate conditions can
drive such a process. Therefore, the change in a0, must
have originated from the metasomatic fluid itself. Increase
in dg;o, occurs in fluid flow down a pressure gradient either
at near constant, or possibly slightly up a temperature
gradient (Ferry & Dipple, 1991). Silica removed by fluids
at depth (or higher P/T conditions) could be the source for
higher level assemblages.

Calcium metasomatism is commonly associated with
serpentinites and serpentinization. The breakdown of
calcic pyroxene during serpentinization of ultramafic rocks
yields Ca-bearing fluids (e.g. Barnes & O’Neil, 1969;
Coleman, 1980). Metasomatic products of such fluids are
rodingites and tremolite-rich reaction rinds around
inclusions (Coleman, 1967, 1980). Calcic metasomatism is
minor in the field area. The increase in omphacite and
(clino)zoisite in jadeitites indicates an increase in calcium
metasomatism towards the end of the jadeitization
process. Tremolite in the rinds around jadeitite blocks is
another example. The rind assemblage is closest to that of
the albitites and suggests contemporaneous formation or
equilibration.

Barium (and to a lesser extent Sr) enters minerals in
these rocks and is apparently related to the serpentinite
environment. Banalsite in jadeitite is found in Burma
(Harlow & Olds, 1987) and occurs with stronalsite ‘in
Japan (Kobayashi et al., 1987). In the albite—mica rocks
Ba metasomatism stabilizes celsian, cymrite and barian
phengite; Sr is enriched in zoisite. Barium-rich minerals
are found in the benitoite occurrence in the New Idria
serpentinite body and the cymrite occurrence at Pacheco
Pass (Essene, 1967), both in San Benito County,
California. Commonly, Ba (and Sr) becomes enriched in
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silicates through metasomatic/metamorphic reactions that
break down sedimentary sulphates (e.g. Bol er al., 1989;
Pan & Fleet, 1991). Tectonized serpentinite melanges can
destabilize and dissolve barite and celesting through
reduction of fo,, at least during serpentinization (Frost,
1985; and below), and keep Ba and Sr dissolved in fluid in
serpentinites (Tatsumi et al., 1986). Such fluids, encoun-
tering the Alrich blocks, will react to form Ba-
aluminosilicates.

The presence of graphite in albitites and jadeitites can
constrain fluid composition and f,,. Fluid inclusions in
jadeite from a few samples are two-phase aqueous
inclusions with about twice seawater salinity and no
evidence of CO,. In the C-O-H system at 400°C
(Holloway, 1984), a predominantly aqueous fluid coexisting
with graphite will have an f,,, essentially identical to QFM.
At 250 °C, a single aqueous fluid coexisting with graphite is
constrained to within —0.2/43.2 log;, units fo, of QFM.
These conditions are consistent with the observed
Fe-bearing silicates, e.g. pyroxene and amphibole, that are
dominated by neither Fe** nor Fe’*. The presence of
graphite does not represent highly reducing conditions for
jadeitites and albitites, in contrast to the serpentinization
assemblage Srp+ Ol+ Brc+ Mag where fo, is 4-5 log
units below QFM (Frost, 1985). This difference in fo,
suggests that the strongly reducing conditions of
serpentinization ended before jadeitization and albitization
occurred.

Tectonic considerations

The serpentinite belts of central Guatemala with their
jadeitites and eclogites (McBirney et al, 1967) are
evidence for a collision along the southern edge of the
Maya Block. The relatively high P/T estimates for
jadeitite formation support this conclusion. The jadeitite-
bearing zone north of the Motagua River extends only
c. 15km, a small section of the serpentinite along the
Motagua Fault. The limited extent and rarity of jadeitites
suggest unusual and restricted petrogenetic conditions.
The interpretation of an oblique collision (Burke, 1988)
may have provided the necessary conditions: an early
collisional regime underthrust serpentinite to relatively
high P-T conditions followed by later back-arc lateral
faulting. Low confining pressures in the lateral faults allow
flow of a trapped fluid from the subduction wedge to flush
the fracturing serpentinite and permit low-a5o, soda
metasomatism of included tectonic blocks in a moderately
high-P/T environment. Serpentinite will ascend diapiri-
cally as fault slivers and permit terrane preservation. The
rarity of jadeitites world-wide suggests that an unusual but
reproducible combination of tectonic events must attend
jadeitite formation. Jadeitite petrogenesis may therefore
bear significantly on understanding the full range of
processes that operate in collisional environments.
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APPENDIX
Thermodynamic parameters for analcime

Entropy and enthalpy for analcime were estimated by first
calculating potential ranges using the methods of Holland (1989)
and Chermak & Rimstidt (1989, 1990), which then were refined
through a linear programming approach (see El-Shazly & Liou,
1991) utilizing the experimental data of Manghnani (1970), Liou
(1971), Kim & Burely (1971) and Gasparik (1985). Heat capacity
values are from Johnson et al. (1982). Thermal expansion was
estimated by modelling analcime as intermediate with cristobalite
and nepheline using values from Clark (1966) and compressibility
with values from Clark (1966). Thus, applying Berman’s formula:

VP.?#" Vibar208k = 1+ V(T ~ 298)
+ Vo(T —298)" + V3(P — 1) + V(P — )%
V,=3.8x10"deg™!, V=0,
Vi=—2.5x10""bar™" and V, = 100 x 10~ " bar ",
Vo= 97.49 cm*/mol.

AG (kJ/mol) AH (kI/fmol) § (J/mol-K) Reference

—=3091.73 —3309.839 234.43 Robie et al. (1978)

=3077.2 —3296.9 226.75 Johnson et al. (1982)

—3091.73 —3310.951 230.20 This study
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