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ABSTRACT

The atomic structure of synthetic, deuterated melanterite (FeSO4¢7D,0), a 14.0774(9), b 6.5039(4), ¢ 11.0506(7) A, B
105.604(1)°, space group P2,/c, Z = 4, has been refined from the combined refinement of 2.3731(1) A and 1.3308 A neutron
powder-diffraction data to a Rwpor = 3.01% and Rp o) = 2.18%. Both the short- and long-wavelength data were required to
obtain a satisfactory fit in the Rietveld refinement. The results of this study confirm the previously proposed H-bonding scheme
for melanterite. Small but significant variations of the Fe—O bond lengths are attributed to details of the hydrogen bonds to the
oxygen atoms of the Fe octahedra. We draw comparisons between the monoclinic and orthorhombic heptahydrate sulfate minerals
associated with mine wastes and relate differences in the structure to strengths and weaknesses in their H-bond networks.

Keywords: deuterated melanterite, hydrogen bonding, mine waste, sulfate minerals, crystal structure, neutron diffraction,
epsomite.

SOMMAIRE

Nous avons affiné la structure cristalline de la mélanterite deutérée synthétique, (FeSO4¢7D,0), a 14.0774(9), b 6.5039(4),
¢ 11.0506(7) A, B 105.604(1)°, groupe spatial P2,/c, Z = 4, en utilisant une combinaison de données obtenues par diffraction
de neutrons a 2.3731(1) A et a 1.3308 A, jusqu’a un résidu Rwpy de 3.01% et Rp(io) de 2.18%. Nous avons dii avoir recours
aux données obtenues aux deux longueurs d’onde, courte et longue, afin d’obtenir un affinement convenable par la méthode de
Rietveld. Nos résultats confirment le schéma de liaisons hydrogene proposé antérieurement pour la mélanterite. De légeres mais
importantes variations dans les longueurs des liaisons Fe—O sont attribuées aux détails des liaisons hydrogene avec les atomes
d’oxygene des octaedres Fe. Nous établissons des comparaisons entre les minéraux sulfatés heptahydratés de symétrie mono-
clinique et orthorhombique associés aux déchets miniers, et nous expliquons les différences structurales aux forces et faiblesses
de leurs réseaux de liaisons hydrogene.

(Traduit par la Rédaction)

Mots-clés: mélanterite deutérée, liaisons hydrogene, déchets miniers, minéraux sulfatés, structure cristalline, diffraction de
neutrons, epsomite.

We present here the results of a structural investigation
of deuterated melanterite.

INTRODUCTION

Melanterite (FeSO4*7H,0) is an oxidation-hydra-

tion by-product of sulfides. It commonly crystallizes
from solution in areas where acid mine-waters become
saturated in sulfate and Fe?*. The melanterite structure
is able to accommodate significant amounts of Cu,
Zn (Peterson 2003a, Jambor 1994) and Mg (Peterson
et al. 2006), and the degree of substitution is known
to contribute to changes observed in the dehydration
pathway of the mineral (Anderson & Peterson 2005).
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DEHYDRATION PATHWAYS
AND THE IMPORTANCE OF HYDROGEN BONDING

In the present study, we provide a detailed descrip-
tion of H-bonding in melanterite for comparison with
the network of H-bonds in the group of orthorhombic
heptahydrate sulfate minerals and products of dehy-
dration with the general formula M**SO4enH,0. The
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melanterite group comprises monoclinic heptahydrate
minerals of the general formula M?**SO,4*7H,0; M** =
Fe, Cu, Co, Mg, Mn. A second group of heptahydrate
minerals, the epsomite group [M?+*SO4s7H,0; M?* =
Mg, Zn, Ni], has an orthorhombic structure. Although
minerals of the epsomite and melanterite groups are
not isostructural, many products of their dehydration
are isostructural (Fig. 1). End-member melanterite
dehydrates to the four-hydrate rozenite FeSO4°4H,0,
whereas Cu-substituted melanterite is known to dehy-
drate to siderotil (Fe,Cu)SO4¢5H,0 (Fig. 1) (Anderson
et al. 2002, Jambor & Traill 1963, Peterson 2003b).

This investigation of the atomic structure and
hydrogen bonding in melanterite complements earlier
studies of the atomic structure (Baur 1967, Fronczek
et al. 2001). Recently, the phase-stability behavior
of melanterite and its dehydration products has been
investigated by humidity-buffer methods (Anderson &
Peterson 2005, Chou et al. 2002) and X-ray diffraction
in a temperature- and relative-humidity-controlled envi-
ronmental chamber (Peterson & Grant 2005).

Previous reports of the atomic structure of melan-
terite have included H-positions that were calculated
(Baur 1967), or measured from single-crystal X-ray-
diffraction data (Fronczek et al. 2001). In this study,
the atomic structure and H-bonding of melanterite
were refined in a combined refinement using long- and
short-wavelength neutron-diffraction data. The data
used in the following refinement were collected during
a span of beam time granted to collect data for several
hydrous sulfate minerals. Some of these minerals are
dehydration products of melanterite- and epsomite-
group minerals and, therefore, would not be suitable
for single-crystal diffraction experiments.

DIFFRACTION EXPERIMENTS
AND RIETVELD REFINEMENT

Synthesis

Translucent green crystals of melanterite were
synthesized at room temperature (22°C) in an air-tight
glove box from a solution of reagent grade FeSO4*7H,0
(Fisher 1146) and 0.1 M D,SO, (prepared from D,O
(AECL ZX098) and D,SO4 (C/D/N Isotopes Inc.
D-39)). The reagent was dissolved completely in the
dilute D,SO,4 acid, and the solution was decanted
into a shallow dish in a glove box. A strong desiccant
(LiBr, Fisher L1117), was placed in the glove box to
increase evaporation of the ferrous sulfate solution. The
newly synthesized melanterite was redissolved in 0.1
M D,SOy, and the process repeated several times. The
D:H ratio of a subsample of melanterite was measured
qualitatively by infrared spectroscopy (IR) after each
synthesis (Nicolet Avatar 320 Fourier—Transform IR
with Golden Gate diamond-attenuated total internal
reflection). Synthesis was repeated until the IR spectrum
of melanterite showed a maximum D,0:H,O peak-
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height ratio. The final D:H ratio of the powder was
measured by refinement of the occupancy factor of the
proton sites (see Structure Refinement).

The synthesized crystals are euhedral, vitreous, 1-5
mm in diameter, and they display the crystal forms of a
monoclinic prism and parallelohedron. Crystals intended
for the neutron experiment were powdered, stored in a
chamber of 69% relative humidity at 22°C, buffered by
a saturated solution of KI in D,O (Greenspan 1977).
The sample was sealed in a vanadium sample can for
the neutron-diffraction experiment with soft malleable
indium wire to prevent dehydration or H — D exchange
of the sample during data collection.

Diffraction experiments

Powder neutron-diffraction data for melanterite were
collected at room temperature using the Dualspec C2
high-resolution constant-wavelength powder diffrac-
tometer of the NRU reactor at Chalk River Laboratories
(Neutron Program for Materials Research (NPMR),
Chalk River, Ontario, Canada). As a consequence of
the space group and relatively large unit-cell volume
of melanterite [974.5(1) A%], there is a large number of
peaks in the diffraction dataset. The ability to resolve
these peaks is compromised by the inherently broad
peaks of the neutron-diffraction pattern. A neutron
wavelength of 2.3731(1) A was selected to minimize
peak overlap and the broad line-shape that would result
from the high density of melanterite peaks if a refine-
ment were to be attempted with a shorter-wavelength
neutron beam. This long-wavelength dataset was used
in an accurate refinement of the unit-cell parameters of
melanterite. The inclusion of a 1.3308 A dataset with
1796 observations helps to compensate for the number
of observations sacrificed by using a longer-than-normal
wavelength of neutrons with only 738 observations.
The combined refinement of the melanterite structure,
using long- and short-wavelength data, resulted in the
successful refinement of unit-cell parameters, atom posi-
tions, displacement parameters and site occupancies.

Powder neutron-diffraction data were collected over
a scattering range of 20 to 100° 20. The wavelengths of

FiG. 1. Schematic diagram, with mineral names and formu-
lae, showing the reversible hydration—dehydration phase
changes that have been documented in M?*~SO4~H,0 sys-
tems. Documented phase-changes are indicated by double
headed arrows, and only the two minerals at arrow heads
are involved in the hydration—dehydration reaction. Path-
ways may differ with metal substitution, changes in acidity,
relative humidity, temperature or sample history.
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the neutron beam were calibrated in a separate experi-
ment using the NIST standard Si 640c. The short- and
long-wavelength datasets were collected over a period
of 12 and 6 hours, respectively.

Refinement of the structure

The atomic structure of melanterite, including the
D.H positions, were refined by least-squares refinement
in a combined histogram Rietveld analysis of 2.3731(1)
A and 1.3308 A wavelength powder neutron-diffraction
data using the General Structure Analysis Software
(GSAS) (Larson & Von Dreele 2000). The initial refine-
ment of background and unit-cell parameters included
only the 2.3731(1) A diffraction data. The starting
model was based on the atom coordinates and calcu-
lated H-positions determined by X-ray diffraction (Baur
1967). Peak shape, atom coordinates, isotropic displace-
ment parameters and constrained site-occupancies for
D sites were refined successfully, in that order, with the
inclusion of the 1.3308 A data. The D atom dominates
the scattering and, ideally, the position of non-D atoms
would be better resolved with single-crystal data or
neutron-diffraction data on a non-deuterated specimen.
To compensate for this, the S — O bond lengths of the
sulfate tetrahedron were restrained to 1.47 + 0.02 A,
based on the well-known geometry of the sulfate tetra-
hedron in sulfate minerals (Hawthorne et al. 2000). The
final contribution of this restraint to the total chi-squared
value of the refinement was 7.9% (Table 1).

In this refinement, we make two assumptions; first,
each proton site is fully occupied with a mixture of D
and H, and secondly, each site has the same D:H ratio,
i.e., partitioning between crystallographically distinct
proton sites does not occur. The site-occupancy values
of each D site reflect the combined scattering-length of
D and H at that site. Hydrogen, with a negative scat-

TABLE I. CRYSTALLOGRAPHIC DATA AND REFINEMENT RESULTS
FOR MELANTERITE BY THE COMBINED HISTOGRAM NEUTRON
POWDER-DIFFRACTION REFINEMENT

Refinement results Refinement statistics

a(A) 14.0774(%) Neutron & 23731(H A

h(A) 6.5039(4) # of observations 738

c(A) 11.0506(7) Rup 3.57%

B () 105.604(1) Rp 2.40%

v (AY 974.5(1)
Neutron A 1.3308 A
# of observations 1796
Rup 2.63%
Rp 2.05%
Total Rwp 3.01%
Total Rp 2.18%
Restraint contrib. 7.9%
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tering length of —3.742(1) fm, will reduce the nuclear
scattering of a site that is modeled to be fully occupied
by D, with a scattering length of 6.674(6) fm. Given
the coherent neutron-scattering lengths, the measured
site-occupancy may be recalculated to obtain the D:H
ratio of the proton sites (Table 2).

The final least-squares cycle yielded a final R,,,
= 3.01%, R, = 2.18% for the combined refinement
(Table 1) and the observed and difference profiles
are presented in Figure 2. The atom coordinates as
determined by the combined refinement are presented
in Table 2.

DiscussioNn

Melanterite FeSO4°7H,0, is monoclinic and crys-
tallizes in the space group P2,/c, with a 14.0774(9), b
6.5039(4), ¢ 11.0506(7) A, B 105.604(1)°, Z = 4. From
the literature, we know that minerals of the melanterite
group (M?* = Co, Cu, Fe, Mg, Mn, Zn) consist of a
sulfate tetrahedron, two crystallographically distinct
M?* atoms in octahedral coordination, with six H,O
groups forming the coordination sphere of each M?*
atom and one interstitial HoO molecule that is not a
direct ligand of an M?* atom (Baur 1967, Fronczek et
al. 2001). There are 14 unique H-bonds in the melan-
terite structure linking M1 octahedra to M2 octahedra

TABLE 2. ATOM COORDINATES, EQUIVALENT
ISOTROPIC-DISPLACEMENT PARAMETERS AND D SITE-OCCUPANCY
FACTORS FOR DEUTERATED MELANTERITE, (FeSQ,+7D,0)

x ¥y z Ui Frac
Fel 0 0 0 0.006(3)
Fe2 0.5 0.5 0 0.005(3)
S 0.2294(9) 0.475(2) 0.176(1) 0.007(6)
Ol 0.2076(9) 0.472(2) 0.038(1) 0.034(4)
2 0.1415(9) 0.537(2) 0.215(1) 0.015(4)
03 0.3109(9) 0.618(2) 0.229(1) 0.016(4)
04 0.2544(9) 0.266(2) 0.224(1) 0.026(5)
Owl 0.116(1) 0.388(3) 0.432(2) 0.053(7)
Ow2 0.106(1) 0.954(3) 0.182(2) 0.034(5)
Ow3 0.032(1) 0.787(2) 0.432(2) 0.030(6)
Owd 0.480(1) 0.454(3) 0.178(2) 0.036(6)
Oows 0.433(1) 0.283(3) 0.442(2) 0.038(6)
Ow6 0.355(1) 0.855(2) 0.439(2) 0.030(5)
ow7 0.363(1) 0.002(3) 0.108(2) 0.037(5)
DIt 0.148(1) 0.262(2) 0.459(1) 0.039(6) 0.91(1)
Di2 0.120(1) 0.428(3) 0.352(2) 0.050(6) 0.91(1)
D22 0.117(1) 0.816(2) 0.206(2) 0.041(6) 091(1)
D24 0.156(1) 0.050(3) 0.208(2) 0.044(5) 0.91(1)
D31 0.086(1) 0.874(2) 0.466(1) 0.017(4) 0.91(1)
D32 0.981(1) 0.882(2) 0.382(1) 0.038(5) 0.91(1)
D43 0.425(1) 0.520(2) 0.202(1) 0.033(5) 0.91()
D47 0.531(1) 0.464(2) 0.253(2) 0.051(6) 0.91(1)
D54 0.377(1) 0.286(2) 0.368(2) 0.040(6) 0.91(1)
D57 0.414(1) 0.369(3) 0.509(2) 0.065(7) 0.91(1)
D61 0.300(1) 0.919(2) 0.463(1) 0.033(5) 0.91(1)
D63 0.334(1) 0.774(2) 0.368(2) 0.050(5) 0.91(D)
D74 6.322(1) 0.080(3) 0.149(1) 0.042(6) 0.91(1)
D76 0.335(2) 0.884(3) 0.093(2) 0.096(9) 0.91(1)

Rwp = [Sw(l, - LY / (SwI DY Rp = (1, - L)) / SiL). restraint contribution =
[ oy HODS e} / [/ #Obs )] Space group: P2,/c, Z= 4.

The proton site is assumed to be fully occupicd; a D site-occupancy factor of 0.91(1)
is equivalent to a site occupancy of Dy g Hy g6



THE STRUCTURE OF DEUTERATED MELANTERITE

via the sulfate tetrahedra, creating a flexible undulating
layer of repeating SO4—M1-SO4—M2 polyhedra (Fig. 3).
The first five H-bonds link the M1 and SO, polyhedra
within the layer in a pseudo-edge-sharing arrangement
of bonds (Fig. 4). Likewise, the M2 and SOy polyhedra
are linked within the layer by two H-bonds in a pseudo-
edge-sharing arrangement and three H-bonds associated
with the Ow7 H,O molecule (Fig. 4). The remaining
four H-bonds, of the 14 H-bonds in melanterite, bridge
the layer of polyhedra and must break for the mineral
to cleave along (001) (Fig. 3).

FiG. 2.
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Previous work on the crystal structure of melanterite
has shown that the M2 octahedron of the Fe?* end-
member deviates from ideal octahedral geometry (Baur
1967). This distortion from ideal octahedral geometry
has been shown to increase with Cu-for-Fe substitution
(Peterson 2003a). The distortion of octahedra is common
among hydrated sulfates and is attributed to neighboring
electrostatic effects communicated to the octahedra via
H-bonds and where present, the square-planar distortion
effects of Cu®* (Strens 1966). The Fe—Ow bond lengths
of octahedra in melanterite of this study range from

Neutron-diffraction patterns of deuterated melanterite, X = 1.3308 and 2.3731 A.

Observed data are shown as crosses, the fitted model as a straight line, and the differ-

ence (obs.—calc.) is displayed below.
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2.08(2) to 2.19(2) A, with a mean value of 2.12(2) A
(Table 3). The longest of these bonds is Fe2-Ow6 of
the M2 octahedron [2.19(2) A]. The Ow6 H,O molecule
is the only coordinated H,O molecule in melanterite to
receive an H-bond from a neighboring H,O molecule.
The Fe2—Ow6 bond lengthens to compensate for the
increased bond-valence sum received by Ow6 as a result
of the additional H-bond received from Ow7.

The H76 atom is equally likely to be H-bonded to
Owo6 at 2.38(2) A and O3 at 2.38(3) A, as originally
suggested by calculated and refined H-positions (Baur
1967, Fronczek et al. 2001). Although these H-bonds
are the longest of the H-bonds in the structure, they are
still within the range recognized in crystalline hydrates
(<2.5 A) (Ferraris & Franchini-Angela 1972, Fig. 5).
Distances reported here plot significantly closer to the
expected H-O and H...O values than the interatomic
distances reported for the same bifurcated bond (Baur
1967, Fronczek et al. 2001, Kellersohn ef al. 1991)
(Fig. 5). The list of H-bonds presented in Table 3
includes all H-O distances less than 2.5 A. The H-bond
network of melanterite is represented schematically in
Figure 6.

THE CANADIAN MINERALOGIST

Hydrous sulfate minerals of the general formula
M**S04enH,0 (n = 6, 7) can be divided into two
groups: minerals with only one distinct octahedral M
site and minerals with two distinct octahedral sites, each
of which lies on an inversion center (Table 4, Fig. 7).
Hydrous metal sulfate minerals with two distinct octa-
hedral M?* sites are observed to accommodate a wider
range M?* substitution than those containing only one
crystallographically distinct M site. The ability to substi-
tute metals of different radii and electronic configura-
tion is enhanced with two distinct metal sites, each with
different local environments.

Results of studies to test the extent of metal incor-
poration in M>*SO4enH,0 minerals corroborate the
above statements. Goslarite, with one crystallographi-
cally distinct M site, is known to tolerate very limited
substitution of Fe or Cu at 22°C (Anderson et al. 2005).
Balarew & Karaivanova (1976) reported epsomite-
group minerals to be stable in laboratory experiments at
25°C for crystal compositions of <3.20 wt.% FeSO, in
goslarite (Zn,Fe)S04¢7H,0, <0.05 wt.% CuSO, in Cu-
substituted goslarite (Zn,Cu)SO4*7H,0, and 2.30 wt.%
Cu in Cu-substituted epsomite (Mg,Cu)SO4°7H,0.

TABLE 3. SELECTED BOND-LENGTHS (A) AND ANGLES (°) FOR MELANTERITE
AS DETERMINED BY THE COMBINED HISTOGRAM
NEUTRON POWDER-DIFFRACTION REFINEMENT

M1 octahedra M?2 octahedra Sulfate tetrahedra
Fel-Owl 2.10(2) Fe2-Ow4 2.08(2) S-01 1.47(2)
Fel-Ow2 2.17(2) Fe2-Ow5 2.09(2) S-02 1.47(2)
Fel-Ow3 2.10(2) Fe2-Ow6 2.19(2) S-03 1.47(2)

S-04 1.47(2)
<Fel-Ow> 2.12(2) <Fe2-Ow> 2.12(2)

<§-0> 1.47(2)
Owl-Fel-Ow2  91.6(7) Ow4-Fe2-Ow5  90.2(7) 01-S-02 110¢1)
Owl-Fel-Ow2 &8.4(7) Ow4-Fe2-Ow5  89.8(7) 01-5-03 L1o(h
Owl-Fel-Ow3  85.5(7) Ow4-Fe2-Ow6  89.9(7) 01-S-04 109(1)
Owl-Fel-Ow3  94.5(7) Ow4-Fe2-Ow6  90.1(7) 02-S-03 110(1)
Ow2-Fel-Ow3  87.2(6) Ow5-Fe2-Ow6  88.6(7) 02-S-04 107(1)
Ow2-Fel-Ow3  92.8(6) OwS-Fe2-Ow6  91.4(7) 03-S-04 [TI(D)
<Ow-Fel-Ow>  90.0(1) <Ow-Fe2-Ow>  90.0(1) <0-S-0> 109(1)
D,0 molecule 0D D-Ow Ow-D D0 D-D D-O-D
01-+-D11-Ow1-D12--02 1.84(2) 0942y 094(2) 1L.76(2) 1.58(2) 113(3)
02--D22-0w2-D24--04 1.85(2)  0.94(2) 0.93(2) 1.95(2) 1.62(2) 120(3)
01-+-D31-Ow3-D32--02 1.95(2) 0.95(2) 0992y 2.042) 1.52(2) 103(2)
03--D43-0w4-D47--0Ow7 1.84(2) 0.98(2) 0.94(2) 1.84(2) 1.49(2) 102(2)
04-+D54-0w5-D570w7 2.01(2) 097(2) 1.01{2) 1.68(2) 1.60(2) 108(2)
01-+D61-0w6-D63--03 1.86(2)  097(2) 0.92(2) 1L.79(2) 1.58(2) 112(2)
04--D74-Ow7-D76-Ow6 1.86(2) 0.97(2) 0.86(2) 2.38(2) 1.45(2) 104(3)
04---D74-Ow7-D76--03 2.38(3)
<0--D-Ow-D0> 0.95(2) 1.94(2) 1.55(2) 109(2)
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Descriptions of natural occurrences of the NiSO4e6H,0
minerals indicate that nickelhexahydrite, with two
crystallographically unique M sites, is able to tolerate
more metal-substitution than retgersite, with only one
crystallographically unique M site. Oleinikov et al.
(1965) and Eliseev & Smirnova (1958) reported MgO
+ FeO + CuO values of 12.42, 5.32 and 6.4 wt.% in
nickelhexahydrite crystals. No significant metal-substi-
tution has been reported in retgersite.

Minerals of the melanterite group, having two
crystallographically distinct M sites, are stable at 25°C
with crystal compositions >34 mol.% Fe in the Zn-Fe
system, <42 mol.% Cu in the Zn—Cu system, and >49
mol.% but <55 mol.% Cu in the Mg—Cu system at 25°C
(Balarew & Karaivanova 1976). The name alpersite was
recently approved for Mg-dominant minerals with the
melanterite structure, the type specimen containing 58
mol.% Mg (Peterson et al. 2006). Little is known about
site-specific substitution of metals in the hexahydrite
group of minerals; however, the network of H-bonds
surrounding the M** octahedra in the structure of the
hexahydrite group shares some similarities with that of
the melanterite-group structure. Both the melanterite-
and hexahydrite-group structures contain two unique
octahedral M sites, one accepting an additional H-bond
and one that is ideal in that it donates 12 H-bonds and
received no additional H-bonds.

Despite their differences, the monoclinic and
orthorhombic heptahydrate structures share many
physical properties. The heptahydrate minerals are
easily dissolved in water, readily hydrated or dehy-
drated during small changes in temperature and rela-
tive humidity, and both have a perfect cleavage. The
cleavage plane in both structures is parallel to the layer
composed of M?* octahedra linked via H-bonds to SO,
tetrahedra. This layer topology is present in melanterite
parallel to (001) and in epsomite parallel to (010). The
layer structures of the heptahydrate minerals are illus-
trated in Figures 4 and 8. In both structures, there are
four unique H-bonds per formula unit (16 H-bonds per
unit cell) that must be broken for the mineral to cleave
along this surface.

A closer look at the H-bond network within these
layers and a comparison of the crystal structures
of the monoclinic and orthorhombic heptahydrate
minerals reveal an explanation for the differences in
the ability of the two minerals structures to tolerate
M?* substitution.

The topology of the layer structures of melanterite-
and epsomite-group minerals is similar in that each
structure has 14 unique H-bonds. In both structures,
there are 10 H-bonds within the layer structure and
four H-bonds that bridge the layer and must be broken
for the mineral to cleave. The interstitial H,O molecule
is held within the layer of both structures by three
H-bonds, with the fourth H-bond associated with the
interstitial H,O molecule bridging the layer. The seven
remaining H-bonds within the layer structures link the
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M?* and SO, polyhedra to each other. In epsomite, six
of these seven H-bonds are arranged between the M>*
octahedron and SOy tetrahedra in a pseudo-edge-sharing
arrangement. In the layer structure of melanterite, the
three H-bonds associated with Ow7 and bonded within
the layer form a linkage between one M2 site and the
next and do not interact with the M1 site. The only
other H-bonds associated with the M2 site are the two
in a pseudo-edge-sharing arrangement between M2 and
SO4. The five remaining H-bonds, of the seven that
link polyhedra within the melanterite layer, link the M1
octahedra to the SO, tetrahedra via pseudo-face- and
edge-sharing polyhedra.

Whereas both structures are H-bonded across the
layer structure by four H-bonds, the M site in epsomite-
group minerals is associated with three of these H-bonds
and the fourth, as previously mentioned, is associated
with the interstitial H,O molecule. In melanterite-group
minerals, the M1 site contributes one of the four H-
bonds that bridge the layer, the M2 site contributes two
and the Ow7 contributes the last.

These differences between the two heptahydrate
structures provide an explanation for differences in the
wavelengths of the layers and the increased flexibility
in the melanterite structure. This flexibility allows the
mineral to accommodate an M?* polyhedron occupied
by different ions. The more compact linkage of H-bonds
in epsomite-group minerals restricts the substitution
of metals.

SUMMARY

Melanterite is commonly the most abundant mineral
in acid mine-waste systems and is known to accom-
modate significant amounts of M>* substitution (Jambor
1994). The ability of the melanterite structure to tolerate

TABLE 4. SUMMARY Of MINERAL GROUPS WITH
THE GENERAL FORMULA (M *"SO,nH,0,n=6,7)
CONTAINING § OR 2 CRYSTALLOGRAPHICALLY DISTINCT M SITES
IN OCTAHEDRAL COORDINATION WITH 6 H,O GROUPS

One M site Two M sites

Epsomite group P2,2,2, Melanterite group P2,/c
goslarite ZnSO,+7H,0
epsomite MgSO,+7H,0
motenosite NjSO,*7H,0

alpersite (Mg,Cu)SQ,+7H,0

bieberite CoSO,+7H,0

boothite CuSO,*7H,O

mallardite MnSO,+7H,0

melanterite FeSO,+7H,0
zinc-melanterite (Zn,Cu,Fe)SO,+7H,0

Retgersite P4,2,2, Hexahydrite group C2/c

retgersite NiSO#68H,0 bianchite (Zn,Fe)SO,+6H,0O
chvaleticeite (Mn,Mg)SO,+*6H,0
ferrohexahydrite FeSO,»6H,0
hexahydrite MgSO,*6H,0
moorhouseite (Co.Ni,Mn)SO,+6H.0
nickethexahydrite (Ni,Mg,Fe}SO,*6H,0
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F1G. 4. Details of the M—SO4—M polyhedron linkages within
the layer structure of minerals in the melanterite and
epsomite groups (AToMs 6.0). (a) The M1 octahedra in
melanterite-group minerals are linked to the SOy tetra-
hedra in a pseudo-edge- and face-sharing arrangement of
H-bonds. (b) The M2 and SO4 polyhedra in melanterite-
group minerals are linked via the interstitial HO molecule
and a pseudo-edge-sharing arrangement of H-bonds. (c)
In epsomite-group minerals, six of the seven H-bonds
within the layer structure are linked in a pseudo-edge-
sharing arrangement between the M>* octahedra and SO,

tetrahedra.

FiG. 3. Schematic representation of

the atomic structure of melanterite
(ATomMs 6.0, Dowty 1995). The
undulating layer-structure paral-
lel to the (001) perfect cleavage is
illustrated here and is indicated by
the dashed black line. Chains of
M1 octahedra (green) are linked
to chains of M2 octahedra (blue)
via H-bonds to chains of sul-
fate tetrahedra (yellow), creating
a layer of repeating chains of
SO4~M1-SO4—M?2 polyhedra.
The interstitial H,O molecule
is H-bonded between the M2
octahedra and the SOy tetrahedra
in the melanterite structure. The
layer structure is bridged by four
unique H-bonds per formula unit.
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Fi6. 5. Plot of H-O and H-bond
distances in the H>O molecule.
Small closed circles and line
of least-squares fit represent
data from Ferraris & Franchini-
Angela (1972). Small open
circles represent data from the
following papers: Angel & Fin-
ger (1988), Bacon & Titter-
ton (1975), Bargouth & Will
(1981), Baur (1962, 1964a, b,
1967), Baur & Rolin (1972),
Blake er al. (2001), Calleri et al.
(1984), Elerman (1988), Gerkin
& Reppart (1988), Hawthorne
et al. (1987), Held & Bohaty
(2002), Iskhakova ef al. (1991),
Kellersohn (1992), Kellersohn
et al. (1991), Ptasiewicz-Bak
et al. (1993), Wildner & Gies-
ter (1991), Zahrobsky & Baur
(1968), Zalkin et al. (1967). The
solid circles and linear-regression
line represent the birfurcated and
non-bifurcated H-bonds from
the survey of neutron-diffraction
studies (Ferraris & Franchini-
Angela 1972). Hydrogen bonds
determined by X-ray diffraction
are significantly shorter than
those determined by neutron
diffraction.

F1G. 6. Schematic diagram of the network of
H-bonds in melanterite, as determined by
the combined-histogram powder neutron-
diffraction refinement of deuterated mel-
anterite, FeSO4¢7D,0. The O-H distances
(A) are indicated by the dashed lines. Dotted
lines represent H-acceptor bonds. This dia-
gram is not to scale, and only represents the
topology of the atomic linkages present in
the structure. In melanterite, the apical H,O
molecules (Ow6) of the M2 octahedra are
the only two H>O molecules, within a M
coordination sphere, to receive additional
H-bonds from neighboring H atoms. The
Fe2-Owo6 bond lengthens to 2.169(10) A to
compensate for the reduced bond-valence
due to this additional H-bond interaction.
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FiG. 7. Hydrogen bonding schemes for (a) orthorhombic heptahydrate structures of the
epsomite group, (b) retgersite, a tetragonal hexahydrate, (c) monoclinic heptahydrate
structures of the melanterite group, and (d) monoclinic hexahydrate minerals of
the hexahydrite group. These diagrams show the distinction between the M** ions
in octahedral coordination with six H,O molecules that receive two H bonds from
external H,O molecules and those that receive three. Minerals of the general formula
M**SO4enH,0, where n = 5, 4, 3, 1, contain octahedra formed by less than six H,O
molecules and were not considered in this discussion.

more metal substitution than other sulfates is due to the
presence of two distinct metal sites and details of the
network of H-bonds between metal sites and adjacent
polyhedra. The pseudo-face-sharing arrangement of
H-bonds between the M1 and SO4 polyhedra and the
H-bond interactions between the SO4 and M2 poly-
hedra, in melanterite, create flexibility of the structure.
The melanterite structure is more amenable to incor-
poration of different metals, and each site may distort
differently to accommodate different amounts of metal
substitution. In hydrated sulfate minerals, the polyhedra
within the structure are held together by a network of
H-bonds. Depending on the details of this linkage, this
network can provide the structure with both rigidity
and flexibility.
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FiG. 8.
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Schematic representation of the (010) perfect cleavage in epsomite (AToMs 6.0,

Dowty 1995). The cleavage plane is indicated by a solid black undulating line. The
H-bonds associated with the interstitial H,O molecule bridge the layers of octahedra
linked to sulfate tetrahedra. This layer in epsomite has a tighter, more corrugated topol-
ogy than the similar layer of the melanterite structure.
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