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The Iron Mountain Mine Superfund site in California is a prime example of an acid mine drainage (AMD)
system with well developed assemblages of sulfate minerals typical for such settings. Here we present and
discuss the vibrational (infrared), X-ray absorption, and Mdssbauer spectra of a number of these phases,
augmented by spectra of a few synthetic sulfates related to the AMD phases. The minerals and related

phases studied in this work are (in order of increasing Fe,03/Fe0): szomolnokite, rozenite, siderotil,

Editor: D.B. Dingwell

halotrichite, romerite, voltaite, copiapite, monoclinic Fe,(SO4)3, Fe;(SO4)3-5H,0, kornelite, coquimbite, Fe

-1

(SO4)(OH), jarosite and rhomboclase. Fourier transform infrared spectra in the region 750-4000 cm™ ' are
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presented for all studied phases. Position of the FTIR bands is discussed in terms of the vibrations of sulfate
ions, hydroxyl groups, and water molecules. Sulfur K-edge X-ray absorption near-edge structure (XANES)
spectra were collected for selected samples. The feature of greatest interest is a series of weak pre-edge
peaks whose position is determined by the number of bridging oxygen atoms between Fe*>* octahedra and
sulfate tetrahedra. Mossbauer spectra of selected samples were obtained at room temperature and 80 K for
ferric minerals jarosite and rhomboclase and mixed ferric-ferrous minerals romerite, voltaite, and
copiapite. Values of Fe?"/[Fe?" +Fe>"| determined by Mdossbauer spectroscopy agree well with those

determined by wet chemical analysis. The data presented here can be used as standards in spectroscopic
work where spectra of well-characterized compounds are required to identify complex mixtures of

minerals and related phases.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Iron sulfates compose a large and variable group of minerals that
are most commonly linked to acid mine or acid rock drainage, i.e.,
discharge of acidic waters produced by weathering of sulfides in ore,
mine waste, or undisturbed geological materials. Acidic discharges are
generally rich in iron, aluminum, heavy metals, and sulfate ions and
commonly precipitate sulfate minerals in association with evapora-
tion and microbial oxidation of ferrous iron (Nordstrom and Alpers,
1999; Jambor et al., 2000). Acid mine drainage (AMD) is a widely
recognized environmental problem because of the acidification of
soils, streams, and underground water. This problem can present a
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threat to living organisms, including humans (Nordstrom et al., 2000;
Buckby et al., 2003). One of the best and well-studied examples of an
AMD system is the Iron Mountain Mines Superfund site in California,
USA (e.g., Alpers et al., 2003). Here, a large number of sulfate minerals
precipitate because the acidity reaches formidable levels (Nordstrom
et al., 2000) and the concentration of the dissolved solutes is
prodigious. Macroscopic samples of the sulfate minerals lend
themselves not only for the detailed mineralogical and geochemical
studies (Nordstrom and Alpers, 1999; Nordstrom et al., 2000) but are
also excellent for the collection of various types of spectra because of
the relative ease of separation and characterization of such material.

The sequence of iron-sulfate and iron-oxide mineral precipitates
follows specific spatial patterns that may guide remediation efforts if
these patterns are recognized. Field identification can be based on
visual inspection, or more efficiently, by aerial mapping using
reflected IR and visible light radiation (e.g., Hunt (1979); Townsend
(1987); Swayze et al. (2000); Montero-Sanchez et al. (2005)). In
addition, there is considerable interest in mapping the distribution
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of sulfate minerals on extra-terrestrial targets using remote sensing
(e.g., Vilas et al. (1994); Geissler et al. (1993); Klingelhofer et al.
(2004); Morris et al. (2004); Gendrin et al. (2005); Langevin et al.
(2005)).

In a laboratory, more quantitative techniques, such as X-ray pow-
der diffraction (XRD) or Fourier transform infrared (FTIR) spectros-
copy may be utilized. Powder patterns of most natural iron-sulfate
minerals are tabulated (ICDD Powder Diffraction Files), and XRD
techniques may be used routinely on these samples. On the other
hand, exhaustive spectroscopic information that could find their use
in laboratory studies, aerial mapping, and extra-terrestrial remote
sensing is generally not available. The iron-sulfate minerals could be
used for further understanding of megascopic and macroscopic
features on Earth and also on other bodies in the solar system.

Iron sulfates can provide valuable insight into microscopic phe-
nomena, such as magnetic frustration (Wills and Harrison, 1996),
redox conditions of geochemical systems, or interaction of iron and
sulfate at interfaces and in solutions (Majzlan and Myneni, 2005).
A plethora of spectroscopic techniques may be applied to these
compounds to gather the necessary information. In many cases, the
spectra, which may serve as a starting or reference point, have not
been reported.

The goal of this study is to expand the existing data sets with FTIR,
XANES, and Mdossbauer spectra taken on a suite of sulfate minerals
and phases that may be found in AMD systems. The samples were all
characterized by X-ray diffraction and wet chemical analyses to
provide the basic structural and chemical data. In this work, we
provide only a brief explanation of the observed spectral features even
though the results of each of the techniques for each of the minerals
deserve much more detailed attention. In specific cases, we are
currently working on the interpretation of such details and the results
will be reported separately. The database presented here should be
regarded as a reference from which a particular mineral can be se-
lected as an appropriate representative of an unknown in a specific
study.

2. Materials and methods

Both natural and synthetic samples were used in this study. Natural
samples were collected at the Iron Mountain Mine Superfund site,
California (Fig. 1) (Nordstrom and Alpers, 1999; Nordstrom et al., 2000;
Alpers et al, 2003). The fewer synthetic samples were prepared
according to the procedures described by Posnjak and Merwin (1922).
The exception was monoclinic Fe,(SO4)s which was prepared according
to the procedure described by Long et al. (1979).

X-ray diffraction patterns were collected with a Scintag PAD V
diffractometer, Cu Ko radiation and a diffracted beam graphite
monochromator. The starting crystal structure models were refined
by the Rietveld technique using GSAS (Larson and von Dreele, 1994).

Metal concentrations in the ferric sulfate samples were deter-
mined by inductively-coupled plasma optical-emission spectrometry
(ICP-OES). The samples were also analyzed by the Ferrozine method
for Fe>* (Stookey, 1970), and Fe>* was determined by the difference
between total Fe and Fe?*. Sulfate concentrations were analyzed by
ion chromatography.

The infrared spectra were collected with a Bruker Fourier transf-
orm infrared (FTIR) spectrometer with a DTGS (deuterated triglycine
sulfate) detector and a KBr beamsplitter. The spectral resolution was
4 cm™! and the spectra were measured from 750 to 4000 cm ™. Most
samples were embedded in a KCI pellet and analyzed in the trans-
mission mode. Some samples, especially rhomboclase, were found to
react rapidly with KBr or KCl, and the spectra could be collected only
in attenuated total reflectance (ATR) mode with samples pressed
against a single-reflection diamond crystal. The rhomboclase sample
had to be carefully dried before data collection because the solution
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Fig. 1. Location of Iron Mountain mine in northern California, near the city of Redding.

associated with rhomboclase (concentrated H,SO,4) could damage the
diamond crystal.

XANES spectra were collected at the Stanford Synchrotron
Radiation Lightsource (SSRL) using beamline 6-2 and Si (111) mono-
chromator crystals. The incident photon flux was enhanced with a He-
flight path chamber. The spectra were collected in the fluorescence
mode using a Lytle detector. All of the sulfate spectra were calibrated
against the low-energy transition in solid Na,(SOsS)-5H,0, which
was set at 2469.2 eV. The spectra of Na,(SOsS)-5H,0 were collected
frequently during the XANES data measurements to correct for the
systematic error associated with the drift of the monochromator.

Mossbauer spectra were obtained at room temperature and 80 K
using a conventional constant acceleration spectrometer with a ”Co in
Rh source. The spectrometer was calibrated using a 12.5 um foil of
natural Fe at room temperature and isomer shifts are given with
respect to the center of the spectrum of this sample. The samples were
transferred into self-supporting Perspex holders and their amounts
were adjusted to ensure that the maximum absorption of any com-
ponent was smaller than 6%. Fitting of the paramagnetic spectra
were carried out using simple Lorentzian shaped doublets that was
carried to have identical linewidths in complex spectra. The

experimental line width of the instrumental setup is 0.22 mms™~".

3. Crystal structures

Crystal structures of sulfate minerals were reviewed by Hawthorne
et al. (2000) so we will only briefly discuss the structural features
important in the evaluation of this work. The crystal structures
considered are built by SO, tetrahedra, Fe(O,0H,H,0)g octahedra,
hydroxyl groups or water molecules. The connectivity of the
octahedral and tetrahedral units is briefly described and depicted in
Table 1. With the exception of network structures (e.g., szomolno-
kite), the octahedral-tetrahedral units (clusters, chains, or sheets) are
held together by a network of hydrogen bonds. The position of
hydrogen atoms in these structures is generally not known or poorly
known. Some structures (e.g., copiapite) contain water molecules that
link the structural units. The presence of the H;0™" ion in hydronium
jarosite or alunite has been suspected (Ripmeester et al., 1986; Wills
and Harrison, 1996) and definitely proven by NMR studies (Nielsen
et al., 2008). The intersheet portion in rhomboclase is believed to
contain (Hs0,)* groups (Mereiter, 1974). At least one proton is
mobile at room temperature as indicated by proton conductivity
studies (Brach and Goodenough, 1988).
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Table 1

The studied phases, their nominal composition, and site symmetries for the sulfur and iron cations. Site symmetries for sulfur and iron sites can aid in the interpretation of FTIR and
Madssbauer spectra, respectively. Fragments of several structures of the studied minerals are shown and display the connectivity of iron octahedra and sulfate tetrahedra. The

arrangement of the polyhedra can be used in explanation of the XANES spectra.

Mineral nominal Sulfur site symmetry Iron site symmetry

Brief description of the structure (reference for the initial model used in

composition sketch of the structure Rietveld refinement)
(see also text)
Jarosite
KFes(S04)>(OH)s Octahedral sheets decorated by sulfate tetrahedra (Hendricks, 1937)
Hydronium jarosite
(H30)Fe3(S04)2(0H)s

Szomolnokite
Fe?"S0,4-H,0

Network structure; octahedral chains are interlinked by sulfate tetrahedra
(le Fur et al., 1966)
Clusters of two octahedra and two tetrahedra (Baur, 1962)

Chains of alternating octahedra and tetrahedra (Peterson et al., 2003)

Network structure; octahedra and tetrahedra alternate in directions

(Long et al., 1979)

Corrugated slabs where iron octahedra are interlinkcd by sulfate tetrahedra
(Majzlan et al., 2005)

Sheets built by alternating octahedra and tetrahedra (Robinson and Fang, 1973)

Clusters of three iron octahedra and four sulfate tetrahedra; isolated octahedra
(Fang and Robinson, 1970)

Chains in which two octahedra alternate with a sulfate tetrahedron; isolated
octahedra (Fanfani et al., 1973)

Network structure; octahedral chains are interlinked by sulfate tetrahedra
(Johansson, 1962)

Framework structure; Fe>*0g. octahedra share six corners with six sulfate
tetrahedra; these (Fe>*0g(S04)s pinwheels are connected to
[FeZ/sFe3504(H,0),] octahedra and KO, polyhedra (Mereiter, 1972)

Isolated Al(H,0)g octahedra; clusters of Fe?" octahedron and sulfate tetrahedron
(Quartieri et al., 2000)

Fe?™ in isolated octahedra; Fe*" octahedron forms a cluster with two sulfate

Rozenite G G
Fe?*S0,-4H,0

Siderotil G G G
Fe?*S0,-5H,0

Monoclinic G, G, G G, G
Fe3*(S04)s

Fe3™(S04)3-5H,0 G, G, Gy G, G

Kornelite Ci, G, G Ci, G
Fe3T(S04)3-7.25H,0

Coquimbite G Ds, C3
Fe2(S04)3-9H,0

Copiapite C1,Ci, G G C,G
Fe?*Fe3 " (S04)s(OH), - 20H,0

Ferricopiapite M (Fe?*, if present, on C;)
Fe?I/a(SO‘;)G(OH)z-ZOHzO

Fe3*(S0,)(OH) G G

Voltaite G Fe’T: Gy
KyFeZ " Fe3*(S04)12-18H,0 Fe?t Fe**: G,

Halotrichite (1, (1, G, G G
Fe?TAly(S04)4-22H,0

Romerite G, Gy 5@ Fe?*: GFe*t: ¢,

Fe2*Fe3™(S04)4- 14H,0

Rhomboclase G G
(H30)Fe* (504)4-3H,0

tetrahedra (Fanfani et al., 1970)

Sheets built by alternating octahedra (Mereiter, 1974)

4. Results and discussion
4.1. Chemical and structural data

The phases used in this study were identified by their macroscopic
physical properties, parameters derived from XRD patterns (Table 2),
and chemical analyses (Table 3). Samples were not analyzed for
water content, therefore, the nominal water content is assumed. The
starting models for Rietveld refinement were taken from references
given in Table 1. With the exception of the sample IM-05, all the studied
samples were unambiguously identified by XRD and chemical analysis.

The sample IM-05 was collected and identified in the field as
copiapite. The identification was confirmed by chemical analysis
(Table 3) and all the applied spectroscopic techniques. The XRD pattern
shows sharp peaks, including the peak diagnostic for copiapite-group
minerals at d=18.26 A. The pattern was indexed by a LeBail fit (see
Table 2) based on the data of similar Zn- and Ni-compounds synthesized
and studied by Majzlan and Michallik (2007). The crystal structure of
these phases is not known. It can be assumed, however, that it is a
structure closely related to that of copiapite (cf. Majzlan and Michallik
(2007)).

4.2. Infrared spectroscopy

Infrared spectroscopy probes vibrational transitions associated
with a change in dipole moment in the molecule or crystal structure

(Harris and Bertolucci, 1978). Within the spectral region covered in
this study (Figs. 2 and 3), such transitions include the stretching and
bending modes of O—H and H—O—H bonds, and stretching
vibrations of the SO4 group. Vibrations involving bending of the SO4
groups and the Fe(O,0H,0H;)s octahedral units occur at lower fre-
quencies, and are unlikely to appear in these spectra.

The stretching O—H vibrations (vOH) in simple hydroxides of Fe
and Al occur at 2900-3660 cm™' and M—O—H bending vibrations
(80H) at 900-1170 cm ™! (Ryskin, 1974). The O—H vibrations in the
studied sulfates can be expected to have frequencies in the same
range. Water in the gaseous state has three modes at 3657 (v{w),
3756 (vsw), and 1595 (vow)cm ™! (Ryskin, 1974). The v,w mode is
therefore indicative of H—O—H bending vibration because it does not
overlap with any O—H vibration. This vibration may originate in H,0
molecule as well as (H30)" and (Hs0,)™ ions.

An undistorted SO4 group with tetrahedral symmetry has four
modes of vibration (Table 4). Of these, only two modes fall in the
spectral range of this study. The frequencies of these modes are 1102
and 981 cm™!. The former is an asymmetric stretching, triply
degenerate, IR-active band designated v3SQy; the latter is a symmetric
stretching, non-degenerate, Raman-active band designated v,SOy. If
the symmetry of the SO, group is lowered, the degeneracy of the
13504 mode is lifted and the mode inactive in tetrahedral symmetry
(v1SO4) becomes IR active. Therefore, each crystallographically
distinct sulfate contributes 1 (single v3) to 4 (three v3 and one v;)
bands to these spectra depending on the site symmetry at the sulfur
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Table 2
Space groups and lattice parameters of the studied samples.

Phase, sample ID Space group

Lattice parameters (A, ¢)

Natural samples

Szomolnokite, IM-01 C24/c
Rhomboclase, IM-02 Pnma
IM-05* Triclinic
Copiapite, 91RS 210A P1
Voltaite, IMJ-05 Fd3c
Voltaite, IM-06 Fd3c
Voltaite, IMJ-06 Fd3c
Voltaite, 91RS 210A Fd3c
Kornelite, IM-09 P2,/n
Jarosite, IMJ-09 R3m
Rémerite, IM-10 P1
Halotrichite, IM-11 P2,/c
Coquimbite, IM-12 P31c
Rozenite, IM-13 P2,/n
Siderotil, IM-14 P1
Synthetic samples

Ferricopiapite P1
Fe»(S04)3 P2¢/n
Fe,(S04)3-5H,0 P2,/m
Hydronium jarosite R3m
Fe(OH)(S04) Pnma
Rhomboclase Pnma

a=7.0764(6), b=7.5480(6), c =7.6002(6), 3 =116.176(4)
a=9.726(3), b=18.293(9), c=15.428(3)

a=7.3820(1), b="7.3831(1), c=36.614(1)

a=92.919(2), p=92.911(2), y=102.413(1)
a=7.3453(2), b=18.7332(8), c=7.3675(3)
=91.448(3), p =102.188(3), y=99.067(3)
a=27.206(2)

a=27.214(2)

a=27.204(2)

a=27.232(2)

a=14.319(5), b=20.139(6), ¢ =5.429(2), 3 = 96.78(2)
a=7315(1), c=17.179(5)

a=6.453(1), b=15.309(3), c=6.322(1)

=90.146(8), 3 =100.932(9), y=285.86(1)

a=6.184(1), b =24.276(6), c=21.237(4), p=100.46(1)
a=10.9153(4), c=17.0770(8)

a=5.9638(5), b=13.607(1), c =7.9618(6), [>=90.482(6)
a=6.294(2), b=10.638(3), c=6.070(2)

a=8222(2), p=109.83(2), y=105.10(2)

a=7.3867(6), b=18.363(2), c=7.3275(5)
=93.940(5), = 102.201(5), y=98.916(4)
a=8.2957(7), b=8.5358(8), c=11.625(1), >=90.729(6)
a=10.705(1), b=11.080(1), ¢ =5.5736(6), [>= 98.864(6)
a=7.35463(2), c=17.01795(4)

a=7333(1), b=6.415(1), c="7.138(1)

a=9.7226(8), b=18.2800(9), c=5.4270(5)

2 The structure of this phase is not known but is most likely closely related to that of copiapite (see text for details). The lattice parameters were refined in a LeBail fit.

positions (Table 1). The symmetry apparent from the spectra depends
on the degree of distortion of the SO, group. Even if the symmetry of
S04 group is lower than T, the splitting may be too small and become
obscured by overlap of the individual sulfate bands. The problem is
further compounded by possible overlap of the S—O stretching and
O—H bending vibrations.

IR data for numerous sulfates and other salts with tetrahedral
oxyanions were reviewed by Farmer (1974). A newer dataset for a
number of sulfate minerals was presented by Dyar et al. (2005).

Table 3

There are additional weak bands in our spectra (Fig. 3). Organic
impurities in our natural samples of kornelite and romerite are the
cause of the appearance of a triplet with a peak at 2922 cm™!,
characteristic of the C—H stretching vibrations. The weak bands at

~1450 cm™! are due to the C—H bending vibrations.

4.2.1. Ferrous sulfate hydrates
There should be four sulfate bands in the spectra of each
FeSO4-nH,0 compound due to a relatively low sulfur site symmetry

Chemical composition of the sulfate samples. Note that not all samples were analyzed, although lattice parameters are reported for all. The formulae were calculated from the wet-
chemical analyses. Small charge imbalances in the formulae are caused by analytical errors.

Phase, sample ID Fe?"/(Fe** +Fe3™)

Formula based on chemical analysis Ideal Analytical® Analytical®
Natural samples

Szomolnokite, IM-01: (Feo_SSZnO_OGCaom)2+SO4~HZO 1.00 1.00

Rhomboclase, IM-02: (H30)Fe3*(S04),-3H,0 0.00 0.00 0.00
IM-05: (Feg.54Zn033Mg0.07Ca0.05)° " (Feso1)> T (S04)s(OH ), - 20H,0 0.20 0.12 0.11
Voltaite, IMJ-05: (K; 12Nag05) " (Fes 45Mg1.17Cag.00ZN0,06MnNg,06CU0.05)> 0.56 0.55 0.56
(Fe2.85Al1.0B0.01)> (SO4)12- 18H0

Voltaite, IM-06: (K;.4sNao06) " (Fes.40Mgo.82Zn071Clg11Cag 06Cdo.01)> " 0.56 0.52

(Fe3.13A11.03)3+(504)12'18H20

Voltaite, IMJ-06: (K;.4Nag 5) " (Fes.76Mgo.53ZNg 42CU 13Ca0,00Cdo.01Mng 01 ) 0.56 0.60 0.58
(Fez.70Al0.91)>* (S04) 12+ 18H0

Kornelite, IM-09: (Fe; g5)>"(S04)3+7H,0 0.00 0.00

Romerite, IM-10: (Feqg0ZNng16Mgo.02)% " (Fe1.04Al.01)>*(S04)4- 14H,0 033 0.29 0.29
Coquimbite, IM-12: (Fe; 73Alp21)>1(S04)3+-9H,0 0.00 0.00

Rozenite, IM-13: (Feo91Zng.03Mgo.01)S04-4H,0 1.00 1.00

Siderotil, IM-14: (Feg.57Ctg22Zn013Mg0.02)> 7S04+ 5H,0 1.00 1.00

Synthetic samples

Ferricopiapite: Fe>*475(S04)s(OH),-20H,0 1.00 1.00

Fe,(S04)3 (monoclinic): Fe;00(S04)3 1.00 1.00

Fe,(S04)3-5H,0: Fe* ™, 1(S04)3-5H,0 1.00 1.00

Hydronium jarosite: (H30)o.91Fe2.91(S04)2[(OH)s564(H20)0.18] 1.00 1.00

Rhomboclase: (H30)Fe3*(62(S04)2-3H,0 1.00 1.00

2 derived from chemical analyses.

b derived from Mossbauer data. Uncertainty on the areas of the components is better than 2%.
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Fig. 2. FTIR spectra in the region 750-1350 cm~'. Names or formulae of the synthetic samples are given in italics.

(Table 1). The v;SO4 band is resolved in all spectra (Fig. 2). The
remaining three v3S0,4 bands overlap in a broad band centered at 1062-
1071 cm™'. From this group of minerals, only melanterite has been
studied in some detail (Gamo, 1961; Reddy et al., 2001) so its spec-
trum is not reported here. The spectrum of szomolnokite is distin-
guished from the other ferrous sulfate hydrates by a broad feature at
~816 cm™ !, a distinctly different position of the 1,SO, band, and a weak
peak at 1490 cm ™. Similar features were also observed in spectra of
szomolnokite by Cody and Biggs (1973) and Adler and Kerr (1965).

4.2.2. Jarosite group and Fe(OH)(S0,4)

Compounds isostructural with jarosite have the general formula AB3
(SO4)-(OH)g, where A = K™, Na™, and H;0" and B = Fe* and A
(Stoffregen et al,, 2000); other cations are much less common. These
compounds frequently contain H,O molecules that compensate for
deficiency on B site. The single sulfur site has Cs, symmetry. Therefore,
the spectra (Fig. 2) should show 3 sulfate bands (2 v3504 + 11S04), 50H,
vOH, and weak water bands. Vibrational spectra of jarosite-type
compounds were investigated in detail by Serna et al. (1986) and
Breitinger et al. (1997) who performed a complete group-factor
analysis. Powers et al. (1975) investigated a series of jarosite, deuterated
jarosite, chromate analog of jarosite, and deuterated chromate jarosite
in order to separate individual bands. Infrared and visible spectra of

jarosite and alunite compounds were re-investigated in detail by Bishop
and Murad (2005). The v;S04 band occurs at 1000-1015 cm ™!, and the
15804 bands at 1075-1095 and 1185-1205cm™'. The 80H band
overlaps with 1v;S04 band and was reported at 1000-1030 cm™". The
weak vow band is located at 1630-1640 cm™! (Fig. 3). The high-
frequency region (2900-3660 cm ™, Fig. 3) contains the vOH stretching
bands. FTIR spectra of Ag*, K, and NHJ jarosite (Sasaki and Konno,
2000) and biological and inorganic jarosite (Tuovinen and Carlson,
1979) differ only in minor details from those presented in this work.

The IR spectrum of Fe(OH)(SO,4) (Figs. 2, 3) was investigated by
Powers et al. (1975). This compound contains a single sulfur site with
site symmetry C;. Powers et al. (1975) located the 4 expected sulfate
bands at 1172, 1138, 1112, and 1058 cm ™. The 50H band occurs at
1020 and the vOH band at 3458 cm ™.

4.2.3. Ferric sulfate hydrates

Among the minerals with the general formula Fe,(S04)5-nH;0,
only coquimbite is relatively common. Monoclinic Fe,(SO4)s is not
known from nature, however, the trigonal polymorph was described
from a single occurrence and named mikasaite (Miura et al., 1994).
Because of their rarity, there are essentially no spectroscopic data for
these minerals. All of them have low symmetries at sulfur sites, and
therefore 4 sulfate bands are expected for each sulfate site. The
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Fig. 3. FTIR spectra in the region 1350-4000 cm ™. Names of the synthetic samples are given in italics. In the spectra of kornelite and romerite, the triplet with a peak at 2922 cm ™' is
characteristic of the C—H stretching vibrations, not O—H stretches, probably from an organic impurity. The weak bands at ~1450 cm ™! are due to the C—H bending vibrations.

spectra of monoclinic Fe,(SO4)3 and Fe,(SO4)3-5H,0 (Fig. 2) show
bands centered at ~1100 cm ™. The spectra of higher hydrates (Fig. 2)
show the center of the sulfate bands at somewhat lower frequencies.

4.2.4. Rhomboclase and copiapite

The compounds isostructural with rhomboclase have the general
formula (Hs05)A(S04)>-2H>0 where A = Fe>*, In®*, and TI>* (Brach
and Goodenough, 1988). Rhomboclase should show 4 sulfate bands in

Table 4
Vibrational modes for group SO4.
Site symmetry Tvib
G 9AlRR
G SATRR 4 4BIRR
Cs 3ARR 4 3ERR
G BA/RR 4 3A7IRR
Cav 4ATR + A2R 4 2B 4 2BIRR
Cav 3R 4 3ER
D, 3AR+2BRR + 2BIRR 4 2BIRR
Dag 2A% + B} + 2BIR 4 2E /K
Sa 2AR 4 3BIRR 4 2ERK
T AR ER 4 2T'RR
Ty Af+ER 4 2TR

the investigated spectral range. However, the mobility of one of the
structural protons (Brach and Goodenough, 1988) may introduce
variations in the local environment of the sulfate ion and complicate
the spectral analysis. The spectra of natural and synthetic rhombo-
clase are very similar (Figs. 2 and 3), indicating that the chemical
composition of this compound is rather constant and very little
substitution, except for rare Tl and In, is possible. The broad shoulder
below 900 cm™! in the spectrum of synthetic rhomboclase coincides
with the S—OH stretching mode of the bisulfate ion at 890 cm™!, and
perhaps points at the possibility of sulfate ion protonation.

The copiapite group has the general formula AFe3'4(S04)¢
(OH),-20H,0 where A = Fe?*, Mg?™", Zn?*, Ca®*, Cu?*, Co®*, Mn?™,
Ni2*, 2/3Fe*™, or 2/3AP™ (Atencio et al, 1996). Three sulfate sites,
each with C; symmetry (Table 1), correspond to 12 sulfate bands in
addition to M—O—H bands in the low-frequency part of the spectra
(Fig. 2). The large number of overlapping bands precludes their
separation and the reliable identification of sulfate and hydroxyl
vibrations. A common feature of both natural copiapite and synthetic
ferricopiapite is a distinctly sharp vOH band at ~3530 cm ™! (Fig. 3).

4.2.5. Halotrichite, voltaite, and romerite
These three minerals are not well studied by IR and Raman
spectroscopy. Halotrichite belongs to a group of pseudo-alums, with
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Fig. 4. XANES spectra of the studied sulfates. Names of the synthetic samples are given
in italics.

the general formula AAl,(SO4)3-22H,0 where A=Fe?". The other
two common phases are pickeringite (A = Mg?™"), and apjohnite (A =
Mn?"). The only detailed vibrational spectroscopic investigation on
these minerals was a Raman study of halotrichite and apjohnite (Frost
et al., 2000). Frost et al. (2000) assigned the 982 cm™! band (Fig. 2)
and a weaker band at 995 cm™"' (not present in our IR spectrum) in
halotrichite to the 1,SO,4 vibrations for the sulfate bonded to Fe?™
octahedron and a hydrogen-bonded sulfate ion, respectively. A weak
and broad band at 955 cm ™! was assigned to water librational modes
(Ross, 1974; Frost et al., 2000). The remaining halotrichite sulfate IR
bands are overlapping and contributing to a broad band centered at
1074 cm™ . In this study's IR spectrum of rémerite, the v;S0,4 band is
clearly resolved at 987 cm™!, and the bands of the spectrum do not
correspond to the positions of bands in a rémerite spectrum reported
by Ross (1974).

4.3. XANES spectroscopy

X-ray absorption spectroscopy measures the transitions of core
electrons into outer bound or unbound states (Brown and Sturchio,
2002). These transitions are possible only when the incident radiation

jarosite
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—u.rhomboclase a
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A——
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second derivative magnitude (a.u.)
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energy (eV)

Fig. 5. Second derivative of the pre-edge region in the XANES spectra of the studied
sulfates.

has a sufficient energy to transfer core electrons into a free electron
state. At that energy, absorption of the sample rises, and the energy
region is called the absorption edge. This region is of interest in X-ray
absorption near-edge spectroscopy (XANES). The position of the
absorption edge is element specific and depends on the shell from
which the electrons are ejected. In addition, the position of the
absorption edge varies slightly with oxidation state of the element,
e.g., by more than 10 eV for sulfur (Pickering et al., 1998). Variations
in the shape of the absorption peak can be related to the element's
local environment. Myneni (2000) described the experimental setup
and the facilities for collecting sulfur XANES spectra.

At the sulfur K edge, the XANES spectra of our samples show a
sharp peak at ~2480 eV and broader post-edge features (Fig. 4). The
peak was attributed to 1s — t; transitions, and the post-edge features
to transitions of 1s electrons into unbound states (Myneni, 2000). The
position of the main peak shows a little variability and lies between
2479.9 and 2480.1 eV, and its full width at half maximum (FWHM) is
1.9-2.3 eV. For comparison, the position of the main peak for aqueous
sulfate and bisulfate is 2479.7 and 2479.8 eV, respectively. The FWHM
for aqueous sulfate and bisulfate is 1.7 and 2.1 eV, respectively.

Weak pre-edge features appear in spectra of some of the phases, as
also reported by Figueiredo and da Silva (2009). There are no such
features in the spectra of alunite (KAI3(SO4),(OH)g), a sulfate mineral
that contains no iron. Similarly, no pre-edge features are found in the
spectra of (NH,)Fe**(S04),-12H,0 (Myneni, 2000). In this phase,
iron octahedra and sulfur tetrahedra are connected exclusively by a
hydrogen-bonded network. Pre-edge features are seen in the spectra
of those Fe3™ sulfates where the iron and sulfur ions are connected by
a bridging oxygen (Table 1), that is, they occur in proximity. The pre-
edge features originate from the transition of electrons from
hybridized S 3p states into the 3d states of the ferric iron (Okude
et al., 1999). Similar pre-edge features appear in P XANES spectra
of Fe4(PO4)3(OH); (Okude et al, 1999) and Cl XANES spectra of
FeCl3-6H,0 (Myneni, 2002).

The position of the pre-edge features is solely a function of the
number of bridging oxygens between iron and sulfur as shown by the
differences in the second derivative spectra (Fig. 5). Fragments of crystal
structures which display the connectivity of iron octahedra and sulfate
tetrahedra are shown in Table 1. In jarosite, iron and sulfur share three
oxygens; in copiapite, coquimbite, and rhomboclase, two oxygens; and
in quenstedtite, voltaite, and romerite, only one oxygen (Table 1). There
is no Fe** in melanterite, halotrichite, and alunite, and no pre-edge
features are visible in the spectra of these minerals (Fig. 5) The position
of the pre-edge feature is not affected by variations in chemical
composition, such as K versus H;0 ™" ions in the interlayer of jarosite, or
chemical variability of copiapite samples (Fig. 5).

Because the position of the pre-edge features appears to be fixed
by the number of shared oxygen atoms, this position has a potential to
serve as an indicator of iron(Ill) and sulfur connectivity in poorly
crystalline, liquid, or bioinorganic samples. The pre-edge features are
located at 2477.4 eV for three shared oxygen atoms in the jarosite
spectrum, at 2477.0 eV for two shared oxygen atoms in ferricopiapite,
and at 2476.8 eV of one shared oxygen atom in romerite (Fig. 5).

4.4, Mossbauer spectroscopy

Mossbauer spectroscopy probes the nuclear transition in a suitable
isotope, and is sensitive to the geometry of the electronic environ-
ment around the probed atoms. ~Fe is the most widely used
Méssbauer isotope, and the transition observed is the 3/2 — 1/2
transition at 14.4 keV (McCammon, 1995). Méssbauer spectroscopy
can successfully differentiate oxidation states and local coordina-
tion of “Fe in a variety of geological materials (Hawthorne, 1988;
McCammon, 1995). The relevant data extracted from the fitting
procedure of spectra collected at 80 K are summarized in Table 5.
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Méssbauer parameters for octahedrally coordinated Fe in the studied sulfate minerals at 80 K. & is the isomer shift, AEq is the quadrupole splitting, I is the line width, and A is the

spectral area.

Phase, sample ID

Fe(ll)

Fe(1l)

5 AEq r A 5 AEq r A

(mms~1) (mms~1) (mms~1) (%) (mms~1) (mms~1) (mms~1) (%)
Jarosite, IMJ-09 0.49 1.24 0.36 100
Rhomboclase, IM-02 0.54 0.59 0.27 100

Copiapite, IM-05 0.53 0.80 0.26 44 1.38 3.19 0.25 11
0.53 0.38 0.26 45

Copiapite, 91RS210A 0.53 0.79 0.34 54 1.35 3.11 040 4
0.53 0.30 0.31 42

Romerite, IM-10 0.52 0.38 0.63 56 1.38 3.49 0.30 29
0.59 0.17 0.50 15

Voltaite, IM]-05 0.59 0.26 0.36 44 142 2.69 0.45 56

Voltaite, 91RS210A 0.59 0.26 0.36 45 142 2.68 0.46 55

Voltaite, IMJ-06 0.59 0.27 0.35 42 141 2.96 0.29 21

1.41 2.52 0.42 37

Uncertainties are better than 0.05 mms~' and areas better than 2%.

4.4.1. Jarosite group

4.4.2. Rhomboclase and copiapite

The Mossbauer spectrum of natural jarosite (Fig. 6) exhibits a
characteristic ferric doublet with a high quadrupole splitting (Table 5).
This large quadrupole splitting may indicate that the local environ-
ment around Fe>* is highly distorted and is in a good agreement with

previously published values (Johnston, 1977; Leclerc, 1980).
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Fig. 6. Mossbauer spectra of jarosite, copiapite, and rhomboclase.

The Mossbauer spectrum of natural rhomboclase (Fig. 6) exhibits a
simple ferric high-spin doublet (isomer shifts 0.43 and 0.54 mm s™!
and quadrupole splittings 0.53 and 0.59 mms~! at RT and 80K,
respectively). These parameters are very similar to those for a syn-
thetic sample that exhibits magnetic ordering between 20 and 5 K
(spectra not shown here). The asymmetry observed in the spectrum
measured at 80 K is due to a texture effect that is eliminated in the
spectrum measured at RT and at the magic angle of 54.7°. No signal
attributable to ferrous iron can be discerned from the spectrum of
rhomboclase.

Copiapite exhibits a complex Mossbauer spectrum with individual
components resolved at 80 K (Fig. 6). The spectrum is dominated by
ferric components with a minor ferrous contribution (all high spin
state). Two ferric components are resolved in the spectrum and their
Mossbauer parameters are listed in Table 5. The parameters and
relative abundance are very similar to a synthetic ferricopiapite (not
shown). The two ferric sites in copiapite correspond to two
crystallographic positions for V'Fe>* in agreement with the structural
model of Fanfani et al. (1973). The ferrous component has a relative
intensity of 11.0% at 80 K. Assuming identical f-factors for all the sites,
the relative spectral area can be converted straight-forwardly to a
relative amount of ferrous iron in the sample (Table 3).

4.4.3. Voltaite and romerite

The romerite Mossbauer spectra (Fig. 7) contain both ferrous and
ferric high-spin components. The ferrous component has an intensity
that is close to the ideal (33%) for one ferrous atom per unit cell
(Table 5). The ferric component is very broad, making a unique solu-
tion to the fitting problem difficult. Fits using two ferric components
(Table 5) are satisfactory but not unique. The broadening of the ferric
component may be caused by variations in the local coordination. It is
interesting to compare the Mdssbauer data to the structural informa-
tion (Table 1). Both techniques indicate a single site for ferrous iron.

Both ferrous and ferric components in the Mdssbauer spectra of
the voltaite samples (Fig. 7 and Table 5) are high spin and are
dominated by the ferrous components. The resolution of the spectrum
increases on lowering the temperature due to the stronger temper-
ature dependence of the splitting of the ferrous lines. We note the
slightly increased line width also of the ferrous component probably
indicating some variation in local coordination. The Mdssbauer
parameters for all voltaite samples are very similar and only those
for two samples are given in Table 5. In addition, a minor ferrous
component in the sample IMJ-06 has an isomer shift of 1.40 mm s™!
and a quadrupole splitting of 2.99 mm s~ '. Such a component has not
been reported from other voltaite samples.
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Fig. 7. Mossbauer spectra of voltaite and romerite.

5. Concluding remarks

We reported and described infrared, X-ray absorption, and
Mossbauer spectra for a suite of iron-sulfate minerals and related
phases. The spectral features (positions of IR bands, positions of pre-
edge features, and hyperfine parameters) are in a good agreement
with the structural details deduced from the structural models of the
studied phases. Although the agreement is not perfect and the
interpretation of the spectra is not always unequivocal, the presented
spectra can be used for identification of the sulfate minerals or
description of processes which involve the interaction of iron and
sulfate.

In particular, the infrared and Mossbauer data can be helpful for
the identification of the materials on Mars, and possibly on other
bodies, from the planetary missions data (cf. Bishop et al. (2005), Lane
et al. (2008)). Although the spectral resolution of the instruments on
these missions is usually lower than that achieved in the terrestrial
laboratories, our spectra provide a good framework for the evaluation
of the missions data. Furthermore, our spectra can be compared to the
results of others (Lane et al., 2004; Cloutis et al., 2006; Lane, 2007)
who used natural or synthetic samples in their studies. The differences
in the spectra can then indicate the possible variations within a single
mineral species or among different procedures employed to collect
the data.

The X-ray absorption data can be used where the standard (e.g.,
single-crystal studies, Rietveld refinement of powder data) or
advanced (e.g. pair-distribution function) crystallographic techniques
come short of or fail to give a satisfactory answer about the bonding

environment of sulfate in a given sample. These may include crystals
where the local structure deviates significantly from the “average”
one, poorly-crystalline materials, nanomaterials, and aqueous and
non-aqueous liquids (e.g., Waychunas et al, 2001; Majzlan and
Myneni, 2005).
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