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Abstract

A suite of sulfate minerals were characterized spectrally, compositionally, and structurally in order to develop spectral reflectance—composi-
tional-structural relations for this group of minerals. Sulfates exhibit diverse spectral properties, and absorption-band assignments have been
developed for the 0.3-26 um range. Sulfate absorption features can be related to the presence of transition elements, OH, H>O, and SO4 groups.
The number, wavelength position, and intensity of these bands are a function of both composition and structure. Cation substitutions can affect the
wavelength positions of all major absorption bands. Hydroxo-bridged Fe3* results in absorption bands in the 0.43, 0.5, and 0.9 um regions, while
the presence of Fe2* results in absorption features in the 0.9-1.2 um interval. Fundamental S-O bending and stretching vibration absorption bands
occur in the 8-10, 13-18, and 19-24 pim regions (1000-1250, 550—770, and 420-530 cm~1). The most intense combinations and overtones of these
fundamentals are found in the 4-5 um (2000-2500 cm_l) region. Absorption features seen in the 1.7-1.85 pum interval are attributable to H-O—
H/O-H bending and translation/rotation combinations, while bands in the 2.1-2.7 um regions can be attributed to H,O- and OH-combinations as
well as overtones of S-O bending fundamentals. OH- and H,O-bearing sulfate spectra are fundamentally different from each other at wavelengths
below ~6 pm. Changes in HoO/OH content can shift S—O band positions due to change in bond lengths and structural rearrangement. Differences
in absorption band wavelength positions enable discrimination of all the sulfate minerals used in this study in a number of wavelength intervals.
Of the major absorption band regions, the 4-5 pm region seems best for identifying and discriminating sulfates in the presence of other major
rock-forming minerals.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction tions and remain stable over a narrow range of environmental
conditions. Therefore, an ability to discriminate different sul-
fate minerals can provide important insights into the geologic
and climatic history of sulfate-bearing targets (e.g., Buckby et
al., 2003; Jerz and Rimstidt, 2003; Murad and Rojik, 2003;
Burt et al., 2004; Feldman et al., 2004; Vaniman et al., 2004a).
We have systematically examined the relations between spectral
* Corresponding author. Fax: +1 (204) 774 4134. reflectance, composition, and structure of an extensive suite of
E-mail address: e.cloutis@uwinnipeg.ca (E.A. Cloutis). sulfate minerals, with an emphasis on iron-bearing species, in

Sulfates are important minerals for understanding the ge-
ologic and climatic evolution of a number of planetary bod-
ies, because many of them form only under restricted condi-
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order to determine the extent to which reflectance spectroscopy
can be used to detect the presence of sulfate minerals and iden-
tify specific species.

While the spectroscopic properties of some sulfates have
been examined by a number of investigators, a comprehen-
sive examination of the relations between spectral variations,
composition, and structure across a wide wavelength range is
lacking. Such an approach is necessary if remote sensing iden-
tification of specific sulfate minerals is to be realized. Sulfates
appear to be widely present on a number of Solar System bod-
ies.

A number of lines of evidence indicate that sulfates occur
widely on the surface of Mars. Sulfur was detected in mar-
tian surface fines by the Viking (Baird et al., 1976; Clark et al.,
1982) and Pathfinder landers (McSween et al., 1999), and the
Mars Exploration Rovers (Morris et al., 2004), and is widely
presumed to be present as sulfates, perhaps a sulfate cement
(e.g., Baird et al., 1976; McSween and Keil, 2000), as sulfate
cementation is commonly seen in deposits resulting from ter-
restrial weathering of sulfide precursors (e.g., Jeong and Lee,
2003). Interstitial gypsum and anhydrite (Bridges and Grady,
1999, 2000; Pauli and Vicenzi, 2004), as well as Mg-sulfates
(Wentworth et al., 2002), and possibly Fe-sulfates (Rao et al.,
2004), have been directly detected in martian meteorites. In
some of these meteorites, the specific sulfate species have not
been determined (Gooding et al., 1988; Sawyer et al., 2000).

Data from the Mars Exploration Rovers, including Mdss-
bauer, mini-TES, and APXS data, suggest that sulfates are
present at both the Gusev crater and Meridiani sites (Bishop et
al., 2005a; Lane et al., 2004; Klingelhofer et al., 2004). Earth-
based telescopic observations have attributed an absorption fea-
ture near 4.5 um to an, as yet, unidentified sulfate mineral
(Blaney and McCord, 1995; Blaney, 2001). Other Earth-based
telescopic spectra of Mars suggest the presence of low sym-
metry sulfates or bisulfates, on the basis of absorption features
located near 8.7 pm (1150 cm~1) and 9.8 um (1020 cm~1)
(Pollack et al., 1990). An absorption feature near 8.93 pm
(1120 cm~1) in Mars Global Surveyor TES data is correlated
with areas of high sulfur abundance (Gendrin and Mustard,
2004). Bandfield (2002) tentatively identified a few areas in
Acidalia that may contain sulfate minerals (type unknown but
probably a Ca-sulfate) just above the detection limit (~10%)
using TES data. The Omega instrument on Mars Express has
detected a number of sulfate species across some portions of
Mars (Bibring et al., 2005; Gendrin et al., 2005), in partic-
ular kieserite, gypsum, and an as yet unconstrained polyhy-
drated sulfate (Arvidson et al., 2005; Gendrin et al., 2005;
Langevin et al., 2005).

Martian sulfate minerals have been modeled as resulting
from a number of mechanisms, including: progressive evap-
oration of acidic brines (Clark and Van Hart, 1981; Bridges
and Grady, 2000); basalt-water interactions under martian at-
mospheric conditions (Bullock et al., 2004); aqueous eruption
(Gaidos and Marion, 2003); hydrothermal and epithermal ac-
tivity (Newsom et al., 1999; Bishop et al., 2005b; Hurowitz et
al., 2005); acidic groundwater alteration (Burns, 1987; Burns
and Fisher, 1990); impact-generated weathering (Knauth and

Burt, 2004); soil-atmosphere interactions (Lammer et al., 2003;
Tosca et al., 2004); and interaction of volcanic aerosols with
surface materials (Settle, 1979). The source of the sulfur is
widely believed to be volcanic aerosols or sulfides in basaltic
rocks (Burns, 1992; Newsom et al., 1999). Weathering mod-
els and terrestrial analogues suggest that the alteration prod-
ucts of basalts on Mars would be largely composed of cal-
cium and magnesium sulfates (e.g., Banin et al., 1997), similar
to the sulfates identified in martian meteorites and from or-
bital data (e.g., Arvidson et al., 2005; Gendrin et al., 2005;
Langevin et al., 2005). The presence of sulfates on Mars would
also likely preclude the formation of contemporaneous carbon-
ates (He and Morse, 1993; Lane et al., 2004).

In terms of thermodynamic stability, simple anhydrous or
low water content iron sulfates, if present, are expected to
be stable under current martian surface conditions (Gooding,
1978; Marion et al., 2003; Bonello et al., 2005; King et al.,
2005; Marion and Kargel, 2005; Navrotsky et al., 2005; Tosca
et al., 2005), although laboratory studies of sulfate stabil-
ity under current martian and other planetary surface con-
ditions are sparse (e.g., Mukhin et al., 1996; Forray et al.,
2004; Vaniman et al., 2004b; Hasenmueller and Bish, 2005;
Hogenboom et al., 2005; Janchen et al., 2005; Moore et al.,
2005; Vaniman et al., 2005). However, some photodecompo-
sition of sulfates is expected under current martian surface
conditions (Mukhin et al., 1996). Laboratory experiments and
thermodynamic calculations suggest that chemical weathering
and oxidation of iron from either iron sulfides or iron oxides
will proceed under a wide range of martian surface conditions
(Burns, 1988, 1993a; Burns and Fisher, 1993; Arlauckas et al.,
2004), and will result in the production of either ferric or fer-
rous iron-bearing sulfates (Gooding, 1978; Burns, 1988, 19933;
Burns and Fisher, 1990, 1993; Lammer et al., 2003; Tosca et al.,
2004). Experimental hydrothermal and lower-temperature alter-
ation of terrestrial basalts and Mars analogs, under a variety of
experimental conditions including CO»-saturated aqueous flu-
ids, normally result in the production of sulfate-bearing phases,
even in short-duration experiments (Burns and Fisher, 1990;
Moore and Bullock, 1999; Baker et al., 2000; Bullock et al.,
2004; Tosca et al., 2004). Experimental weathering of altered
and unaltered terrestrial volcanic tephra, using a variety of
acidic solutions and vapors, also results in formation of sul-
fate minerals, precipitated largely as crusts (Banin et al., 1997;
Golden et al., 2004). Natural terrestrial chemical weathering
of rocks in cold deserts can also result in surficial/near-surface
concentrations of sulfates (Berkley, 1981; Gibson et al., 1983;
Burns and Fisher, 1990; Dickinson and Rosen, 2003).

Ca-, Mg-, and Na-bearing sulfates (gypsum, bloedite, ep-
somite) have been identified in CI carbonaceous chondrite me-
teorites (Burgess et al., 1991) as vein fillings and as isolated
grains (Brearley and Jones, 1998). Ca-bearing sulfates have also
been detected as vein filling (Brearley, 1993) and as alteration
products in calcium—-aluminum inclusions (Brearley and Jones,
1998) in CM chondrites. Telescopic spectra of a number of
C-, P-, and G-class asteroids exhibit an absorption feature near
0.43 pm, which has been attributed to an Fe3t spin—forbidden
crystal field transition (Vilas et al., 1993); candidate minerals
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for this feature include jarosite, as well as serpentine and chlo-
rite.

Absorption features in Galileo NIMS spectra of Europa
have been attributed to the presence of some form of heavily
hydrated magnesium and/or sodium sulfates (McCord et al.,
1999). Laboratory studies of the spectral properties and sta-
bilities of candidate sulfates are ongoing to better constrain
Europa’s surface composition (McCord et al., 2001; Chou and
Seal, 2003; Dalton, 2003; Dalton et al., 2005).

Iron sulfates are important terrestrial minerals. They are of-
ten indicative of acidic mine water pollution, and determining
the specific species that are present and mapping their areal ex-
tent can help to delineate the severity of this pollution (e.g.,
Nordstrom et al., 2000). Variations in the areal extent of differ-
ent iron sulfates can be used to reconstruct changes in acidity of
groundwater flow (Alpers and Blowes, 1994). Naturally occur-
ring surficial deposits of iron sulfates are also a useful tool in
mineral exploration because they may be indicative of subsur-
face mineral deposits of potential economic importance (Blain
and Andrew, 1977; Nickel and Daniels, 1985). The types of
iron-bearing sulfate minerals that form terrestrially (due to ox-
idative weathering of exposed sulfides) are sensitive to pH, Eh,
relative humidity, oxygen activity, microbial activity, and host
media (Brady et al., 1986; Bigham et al., 1990, 1992, 1996;
Alpers and Blowes, 1994; Singh et al., 1999; Garcia-Gonzalez
et al., 2000; Kawano and Tomita, 2001; Buckby et al., 2003;
Jerz and Rimstidt, 2003; Bishop et al., 2005a; Vaniman et al.,
2004a; Greenwood et al., 2005), and can be used to constrain
the conditions prevalent at the time of their formation (Murad
and Rojik, 2003).

Iron-free sulfate minerals can also be related to specific con-
ditions of formation. For example, formation of gypsum is
commonly associated with arid conditions and high evapora-
tion rates, although it can also form diagenetically via oxida-
tion of sulfides by calcium-rich oxidizing ground water (Bain,
1990), and as a result of biomineralization (Thompson and
Ferris, 1990). In contrast to iron sulfates, aluminum sulfates
(alunite group) can form in a wide range of metamorphic, sed-
imentary, and igneous environments. In some cases, the sul-
fates can provide more petrogenetic information than the rock-
forming minerals of a host rock (Hladky and Slansky, 1981;
Dill, 2001).

2. Structural propertiesof sulfate minerals

There are over 350 natural sulfate minerals (Hawthorne et
al., 2000). In order to provide a basis for spectral classification
and comparison, we have adopted the structural and formulaic
classification system of Hawthorne et al. (2000). For the ensu-
ing discussion, M refers to a metal cation, octahedra generally
involve an MOg or M(H20)g cluster, and tetrahedra involve
an SOy cluster. Round and curly brackets denote a polyhe-
dron or group, e.g., (SO4), while square brackets denote linked
polyhedra, e.g., [M(SO4)204]. Ideal formulas of the sulfates
included in this study are provided in Table 1. This approach
to describing ideal sulfate compositions provides discrimina-
tion between polyhedra and groups versus linked polyhedra.

These formulas can be “collapsed” into more familiar and com-
pact standard formulaic representations. As an example, the
fact that hexahydrite consists of unconnected SO4 tetrahedra
and Mg + 6H,0O octahedra is better reflected in the currently
used representation—{Mg(H20)s }(SO4) than in the “standard”
representation—MgSOg4-6H,0.

2.1. Structures with unconnected SO4 groups

In this group, sulfate tetrahedra (SO4) and (MOg) octahedra
are linked together by hydrogen bonding; this involves link-
ages from donor ligands of the octahedra to acceptor ligands
of tetrahedra, together with weak hydrogen bonding between
ligands of different octahedra. This group includes hexahydrite
and melanterite, the latter containing additional H,O beyond
that required for linkage of (MOg) octahedra and (SOg4) tetra-
hedra.

2.2. Structures with finite clusters of polyhedra

Minerals in this group include romerite, pickeringite,
apjohnite, rozenite, and coquimbite/paracoquimbite. Romerite,
pickeringite, and apjohnite are based on an [M(SO4)204]
cluster. In addition to this cluster, romerite contains isolated
{Fe?t(H,0)s} octahedra, and these elements are linked by
hydrogen bonding both between unconnected octahedra and
tetrahedra, and between octahedra and tetrahedra of the same
[M(S0O4)204] cluster. Rozenite is based on an [Fe§+(804)208]
cluster linked by hydrogen bonds both within and between ad-
jacent clusters. Coquimbite and its polytype, paracoquimbite,
are based on an [Fe§+(804)6] cluster, isolated {Fe3*(H,0)s}
octahedra, and (H,0) groups. The {Fe3+(H,0)e} octahedra are
connected into sheets by hydrogen bonding.

2.3. Structures with infinite chains

Minerals in this group include fibroferrite, sideronatrite,
botryogen, copiapite, ferricopiapite, and amarantite. In fibro-
ferrite, the chain consists of [MOs] vertex-sharing octahedra.
Adjacent chains link by both direct hydrogen bonding be-
tween chains and by a hydrogen-bonding network involving
(H20) groups not linked to any cations. Sideronatrite has a
more complex linkage between octahedra and tetrahedra, and
shows considerable disorder in terms of the relations between
adjacent chains. Botryogen is based on an [M(S04),0] chain
which links to an (MgOg) octahedron through one of its ver-
tices. Interchain linkage involves only hydrogen bonding. Copi-
apite and ferricopiapite have corner-sharing [M2(S0O4)207]
clusters linked through additional tetrahedra to form infinite
[M2(SO4)30s5] chains. The chains are linked together by hy-
drogen bonds involving unconnected {M?*(H,0)} octahedra
and interstitial (H2,O) groups. The detailed structure of fer-
ricopiapite, involving Fe3* rather than an M2t cation in the
octahedra has not been fully resolved (Hawthorne et al., 2000).
The structure of amarantite is based on a hierarchy of structural
units: two octahedra share an edge to form an [M201¢] dimer;
two additional octahedra link to either end of the shared edges
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Table 1
Ideal formulas, H,O/SO4 and OH/SOy4 ratios of the sulfates used in this study (they have been sorted on the basis of increasing HoO/SO4 or OH/SOy4 ratios)
Mineral Formula H,0/S042 OH/S042 H,0P OHP
H,O- and OH-free
Anhydrite* [CaSO4] 0 0 0 0
Anglesite® [Pb2+(S04)] 0 0 0 0
Barite® [Ba(S04)] 0 0 0 0
OH-bearing
Jarosite? K[Fe3 " (OH)6(S04)2] 0 3 0 1
Natrojarosite? Na[Feg+ (OH)6(S04)] 0 3 0 1
Alunite? K[Al3(OH)g(S04)2] 0 3 0 1
H,O-bearing
Kieserited [Mg(SO4)(H20)] 1 0 1 0
Szomolnokite® [Fe2+(S04)(H20)] 1 0 1 0
Voltaited Ka[Fe2 T Fe3™ (H20)12(S04)12][AI(H20)6) 15 0 2 0
Rhomboclase? (H502)[Fe3* (H20)2(S04)2] 2 0 2c 0
Gypsum?# [CaSO4(H20)5] 2 0 1 0
Amarantite3 [Fe3* O(H20)4(S04)21(H20)4 3 0 2 0
Coquimbite? [Fe3 " (S04)6(H20)6]{Fe%* (H20)6}(H20)6 3 0 3 0
Romerite? [Fe3+(S04)2(H20)4]2[Fe?t (H20)5] 35 0 2 0
Rozenite? [Fe2+(S04)(H20)4] 4 0 1 0
Hexahydritel {Mg(H,0)}(S04) 6 0 1 0
Melanterite’ {Fe?+(Hy0)§}(S04)(H,0) 7 0 2 0
Pickeringite? [Mg(SO4)(H20)51{Al(H20)63}2(S04)(H20)s5 11 0 3 0
H»O- and OH-bearing
Hydronium jarosite? (H30)[Feg+(OH)6(SO4)2] 1d 3 1d 1
Sideronatrite3 Nay[Fe3t(OH)(S04),1(H20)3 1.5 0.5 1 1
Ferricopiapite3 [Fe3 " (OH)(H20)4(SO4)3]2{(Fe3 £, 00 33) (H20)6 }(H20)s 3.3 0.3 3 1
Copiapite® [Fe3 " (OH)(H20)4(S04)312{Fe?* (H20)s }(H20)6 33 03 3 1
Botryogen® [MgFe3t (OH)(H20)5(S04)2](H20) 35 05 2 1
Fibroferrite3 [Fe3* (OH)(H20)2(S04)I(H20)3 5 1 2 1

Ratio of number of H,O or OH groups to SO4 groups in unit cell.
Number of structurally distinct HoO and/or OH groups in unit cell.
Includes an H,Os group (as a single HyO).

Includes an H3O group (as a single H»0).

Structure consists of isolated SO4 tetrahedra.

Structure consists of finite clusters of polyhedra.

Structure consists of infinite chains.

Structure consists of infinite sheets.

Structure consists of infinite framework.

g B W N EFE QO o T o

of the dimer to form an [M4020] tetramer; two tetrahedra link
between corners of adjacent octahedra and further link adjacent
tetramers to form complex chains.

2.4. Structures with infinite sheets

Minerals in this group include alunite, jarosite, natrojarosite,
hydronium jarosite, rhomboclase, anhydrite, and gypsum. The
structures of alunite, jarosite, natrojarosite, and hydronium
jarosite are based on octahedral-tetrahedral sheets. Corner-
sharing octahedra form a six-membered ring. At the junction
of three six-membered rings is a three-membered ring, and one
set of the apical vertices of those three octahedra link to a
tetrahedron. The sheets are held together by interstitial cations
and hydrogen bonds. Rhomboclase consists of a more regular
two-dimensional grid of alternating octahedra and tetrahedra.
It has an extended hydrogen-bonding scheme involving inter-
stitial (Hs02)™ dimers. The structure of anhydrite (CaSQy) is

based on chains of alternating edge-sharing (SO4) tetrahedra
and (CaOg) dodecahedra which are linked by edge sharing be-
tween adjacent (CaOg) dodecahedra and by corner sharing be-
tween (CaOg) dodecahedra and (SO4) tetrahedra. The structure
consists of sheets of edge-sharing chains. The structure of gyp-
sum is similar and includes interlayer (H>O) which is hydrogen
bonded to tetrahedrally coordinated O atoms.

2.5. Structures with infinite frameworks

This structural group includes kieserite, szomolnokite,
voltaite, barite, and anglesite. The [M(SO4)(H20)] framework
structures of kieserite and szomolnokite consist of [M(SO4)03]
chains that are cross-linked by corner sharing between octahe-
dra and tetrahedra of adjacent chains. The structure of voltaite
is a three-dimensional polymerization of complex tetrahedral—
octahedral chains with K in the interstices. In barite, Ba is in
[12]-coordination, forming irregular polyhedra that are linked
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into a framework. Considering only the six-nearest O atoms,
the Ba coordination is a distorted octahedron and the struc-
ture is built from chains of edge-sharing octahedra linked by
(SO4) groups into sheets. The sheets are linked into a frame-
work by corner-sharing between (BaOg) polyhedra and (SO4)
tetrahedra from adjacent sheets. Barite and anglesite have the
same structure with Pb instead of Ba in anglesite. More de-
tailed descriptions and structural representations can be found
in Hawthorne et al. (2000).

3. Experimental procedure

A suite of 42 sulfate minerals was used in this study.
It was augmented with spectra from the literature, in par-
ticular Crowley (1991), Crowley et al. (2003), Grove et al.
(1992), Lane (2004), and the RELAB public archive (http:
/lwww.planetary.brown.edu/relab/rel_pub/). The samples were
characterized spectrally, compositionally, and structurally in
order to identify the major and minor phases present in the
samples. Samples were gently crushed by hand in an alumina
mortar and pestle and dry sieved to obtain <45 pm fractions.
Impurities were removed through a combination of visual in-
spection with a binocular microscope and with a hand magnet
during crushing. Splits of the homogenized samples were allo-
cated for the spectral, compositional, and structural studies.

Reflectance spectra were measured at the NASA-supported
multi-user RELAB spectrometer facility at Brown University.
The spectra were measured at i = 30° and ¢ = 0° in bidirec-
tional mode relative to halon for the 0.3-2.6 um region at 5 nm
spectral resolution, and at i = 30° and ¢ = 30° with 4 cm~!
spectral resolution using an on-axis biconical configuration rel-
ative to brushed gold for the 2.5-26 um (390-4000 cm~1)
region. The 0.3-2.6 um spectra were measured under ambi-
ent atmosphere. The 2.5-26 um spectra were measured after
purging the samples (removal of water and CO;) for at least
5 h. The spectra were merged at 2.5 pm by multiplying the
longer-wavelength spectrum by an appropriate correction factor
calculated in the region of spectral overlap (2.5-2.6 pm). As a
result, direct comparison of absorption bands attributable to wa-
ter across the 2.5-2.6 um divide are not fully warranted. Details
of the RELAB facility and spectral acquisition procedures are
given by Pieters (1983) and are available at the RELAB web site
(http://www.planetary.brown.edu/relab/). Band minima wave-
length positions were determined by fitting a third-order poly-
nomial to 10-20 data points (if available) on either side of a
visually determined minimum. Absorption band depths were
calculated using Eq. (32) of Clark and Roush (1984).

The samples were characterized using X-ray fluorescence
(XRF) for major elements (Mertzman, 2000). Ferrous iron was
determined using a modification of the procedure outlined by
Reichen and Fahey (1962). Ferric iron concentration was taken
as the difference between total and ferrous iron. Volatile con-
tents were determined by heating splits of the samples to 950 °C
for one h and measuring the associated weight loss.

The samples were structurally characterized using X-ray dif-
fraction (XRD) to ascertain the phases present in the samples
and to verify the phases determined by XRF. XRD analyti-

cal procedures are described in Cloutis et al. (2004). Sam-
ple descriptions, compositions, and phases identified through
integrated XRF and XRD analyses are provided in Table 2.
The reflectance spectra of the various samples are provided in
Figs. 1-3. The XRD and XRF data and ideal formulas were in-
tegrated to provide constraints on the purity of the samples and
the identity and approximate abundances of any accessory min-
erals. Phase abundances are generally accurate to within +10%.

Table 2
Composition of samples used in this study

Wit% SPT107 SPT108 SPT109 SPT110 SPT111 SPT112 SPT113

SiOy 0.01 1.70 6.09 0.00 2774 6.70 0.01
TiOy 0.01 0.03 0.08 0.00 0.07 0.14 0.02
Al,03 0.00 0.32 2.56 0.10 0.84 217 0.42
FeO 0.11 0.14 0.98 12.04 10.01 0.15 0.18
Fe O3 61.19 5597 2178 1593 1282 46.33 52.01
MnO 0.01 0.01 0.02 0.02 0.07 0.14 0.01
MgO 0.12 0.16 0.32 0.00 0.41 0.23 0.10
CaO 0.15 0.18 0.30 0.00 0.68 111 0.35
Nay,O 4.63 6.04 0.58 0.32 0.28 0.34 4.35
K70 1.47 0.80 0.39 0.00 0.61 0.65 1.09
P>0s5 0.03 0.06 0.02 0.00 0.02 1.00 0.03

SO3 27.87 28.64 37.90 40.04 3390 21.86 32.76
OH/H201 3.76 5.67 28.39 29.64 11.00 17.96 8.05
Total 99.36 99.72 9941 99.43 99.56  98.78 99.38
ppm

Sr 130 780 190 2 95 40 <2
Zr 20 25 82 8 50 125 15

\Y 63 61 66 4 65 210 75
Co <2 <2 860 <2 <2
Cr 20 25 58 <2 35 50 15

Ni <2 <2 225 40 <2
Rb 10 28 125 20 20
Cu 1730

Pb 4815

Zn 4315

XRD? 90% Na 90% Na 60% Fe 60% Ro 60% Vo 80% Am 90% Na

10% Go 10% Qu 30% Me 20% Rh 20% Ro 15% He 10% Co
10% Ka 20% Py 20% Qu 5% Ka

Wt% SPT114 SPT115 SPT116 SPT117 SPT118 SPT119 SPT120
SiOy 0.00 0.25 0.03 4.56 0.56 65.52
TiOy 0.01 0.06 0.01 0.05 0.02 0.25
Al,O3 0.00 0.04 0.07 2.73 6.50 4.63 151
FeO 0.21 0.14 0.19 0.00 0.22 0.08 0.36
Fe,03 68.75 51.72 53.09 22.05 0.00 22.68 19.94
MnO 0.01 0.01 0.01 0.07 0.01 0.02
MgO 4.62 0.17 0.11 2.79 7.96 0.24 0.76
CaOo 5.73 0.05 0.11 0.16 0.03 0.40
Na,O 1.20 0.32 3.07 0.26 0.08 0.43
K20 121 11.97 6.68 0.14 0.36 0.06
P,0s5 0.10 0.08 0.59 0.03 0.03 0.38
SO3 2526 3195 3250 3995 43.05 46.19 5.13
OH/H201 0.002 2.25 2.96 26.90 28.06 2492 501
Total 107.10 99.01 99.42  99.69 99.83  99.77
ppm

Sr 515 <2 2640 18 <2 295
Zr 20 15 25 39 24 <2
\Y 60 75 75 100 67 1600
Co <2 <2 <2 52 <2 <2
Cr 10 13 600 130 40 280

(continued on next page)
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Wit% SPT114 SPT115 SPT116 SPT117 SPT118 SPT119 SPT120

Ni 75 <2 <2 52 <2 240

Rb 15 120 220 13 25 <2

Cu

Pb

Zn

XRD? 80%Ja 100%Ja 100%Ja 95% Co 95% Pi 100% Cq 60% Qu
10% Go 5% Ka 5% Ha 40% Hj
10% He

Wit% SPT121 SPT122 SPT123 SPT124 SPT125 SPT126 SPT127

SiOy 0.95 0.19 1.78 4.39 0.00

TiOy 0.01 0.02 0.01 0.06 0.00

Al,O3 0.08 0.24 0.27 2.01 0.20

FeO 0.00 0.16 0.36 0.34 0.45 0.00

Fey03 3473 29.42 19.87 22.22 27.01P 2634 0.03

MnO 0.02 0.01 0.09 0.01 0.00

MgO 0.11 0.09 0.01 10.43 0.27 0.05 0.07

Ca0 0.26 0.22 0.05 0.41 32.46

Nap,O 0.21 0.15 0.09 4.25 0.30

K20 0.04 0.01 0.01 1.69 0.00

P,05 0.01 0.01 0.01 0.07 0.01

SO3 35.38 4273 4199 35.83 33.16 4427 46.55

OH/H201 27.84 26.63 1.39 27.11 25.83 2328 20.58

Total 99.64 99.88 98.24 99.16 100.20

ppm

Sr 15 <2 <2 <5 200

Zr 29 15 18 15 9

\Y 72 69 56 90 <2

Co <2 160 680

Cr 48 25 2223 55 <2

Ni <2 <2 13,020

Rb 8 10 2

Cu

Pb

Zn

XRD? 70% Fi 70% Ro 100% Si 100% Bo 90% Fe 70% Cq 100% Gy

30% Bu 30% Cq 10% Ja 30% Pc

Wit% SPT128 SPT129 SPT130 SPT131 SPT132 SPT133 SPT134

SiO9 0.00 0.00 60.70  63.29 0.25

TiOy 0.00 0.00 0.52 0.35 0.01

Al,O3 0.15 44.48 1.24 2.01 0.11

FeO 0.00 0.03 25,54  2.67 0.14 0.00 8.56

Fe,03 0.04 0.00 2.40 5.95 5.78 29.80 0.00

MnO 0.00 0.00 0.01 0.02 0.02

MgO 0.06 0.04 0.01 0.39 0.25 0.18

CaO 46.06 0.07 0.11 0.27 3.17 0.05

Nap,O 0.78 0.27 0.02 0.21 0.33 0.18

K20 0.00 14.05 0.04 0.15 0.01

P,05 0.02 0.45 0.06 0.03 0.01

SO3 3738 3588 3226 1431 1565 4182 4272

OH/HZOl 15.89 4.27 35.02 1297 817 26.97 23.35

Total 100.38 99.54 99.34  99.41

ppm

Sr 700 3420 825 690 <2

Zr 10 20 250 175 18

V 4 135 55 48 55

Co <2 24 65 1405

Cr 4 40 23 22 28

Ni 8 44 36 25

Rb 25 <2 17 9

Cu

(continued in next column)

Table 2 (continued)

Wit%

SPT128 SPT129 SPT130 SPT131

SPT132 SPT133 SPT134

Pb
Zn

XRD? 80% An 100% Al 70% Rz 50% Co

40% Cq 100% Fe 40% Ro

20% Gy 30% MI 10% Cq 20% An 30% Cq
40% Qu 40% Qu 30% Sz
Wit% SPT135 SPT136 SPT137 SPT138 SPT139 SPT140 SPT141
SiOp 16.19 0.03 0.44 0.00
TiOy 0.33 0.10 0.01 0.00
Al,O3 0.30 3.37 3.68 0.02
FeO 0.32 0.00 0.03 0.00
Fe O3 37.87 3312 1.05 0.26
MnO 0.01 0.00 0.10 0.01
MgO 1.01 0.18 1.95 8.22
Ca0 4.57 0.06 0.09 0.03
Nay,O 7.43 0.62 0.25 7.39
K20 3.47 0.04 0.02 2.16
P,0g 0.09 0.04 0.02 0.01
SO3 3845 25.44
OH/H,0?! 0.00° 46239 71.21® 74.66° 77.03% 46.55°
Total 110.04 109.23
ppm
Sr 10 10 80 30
Zr 50 45 35 25
\Y 87 10 55 30
Co 3 525 525 5
Cr 45 4 100 <5
Ni 13 125 1825 <2
Rb 190 <2 10 15
Cu 1450 2600 520
Pb
Zn
XRD? 60% Mc 60% Si  90% Pc 60% Co 100% Rh 90% Pi 80% Ki
30% Sz 20%Ja 10% Ko 40% Pc 10% Ap 20% HI
10% Py 10% Py
10% Qu
Wit% SPT142 SPT143 SPT144 SPT145 SPT146 SPT147 SPT148
SiOy 1.87 0.00 29.52  0.00 0.00
TiOy 0.03 0.00 0.92 0.00 0.23
Al,03 9.66 0.04 10.12  0.00 0.23
FeO 0.00 0.00 8.34 0.00 0.00
Feo O3 0.23 0.00 16.42  0.00 0.00
MnO 0.11 0.01 0.03 0.00 0.00
MgO 7.41 1553 1.87 0.08 0.00
CaO 0.24 0.29 1.39 0.03 0.27
Na,O 0.16 0.58 0.62 0.15 0.07
K,0 0.14 0.06 1.20 0.00 0.00
P,0g 0.05 0.03 0.10 0.04 0.02
SO3 2353 2947 34.15
OH/H201 71.70® 38.11° 6.02 1.07 0.07
Total 100.08
ppm
Sr 175 90 100 80 15920
Zr 50 25 215 <5 75
\Y 50 30 170 40 425
Co 420 <2 45 20 <2
Cr 80 15 75 <5 <2
Ni 2330 <2 20 650 35
Rb 13 <2 70 <5 7
Cu 3050 600 1700 1600 190

(continued on next page)
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Table 2 (continued)
Wt% SPT142 SPT143 SPT144 SPT145 SPT146 SPT147 SPT148

XRD? 70% Pi 100% Hx 60% Sz 100% Ag 100% Ba 80% Ag 100% Ag

30% Hx Am' 10% Rz 20% Ce
Amf 10% Py
20% Ka

Abbreviations: Ag: anglesite; Al: alunite; Am: amarantite; An: anhydrite; Ap:
apjohnite; Ba: barite; Bo: botryogen; Bu: butlerite; Ce: cerussite; Co: copi-
apite; Cqg: coquimbite; Fe: ferricopiapite; Fi: fibroferrite; Go; goethite; Gy:
gypsum; Ha: halotrichite; He: hematite; Hj: hydronium jarosite; HI: halite;
Hx: hexahydrite; Ja: jarosite; Ka: kaolinite or other layer lattice aluminosili-
cates; Ki: kieserite; Ko: kornelite; Mc: magnesiocopiapite; Me: metavoltine;
MI: melanterite; Na: natrojarosite; Pc: paracoquimbite; Pi: pickeringite; Py:
pyrite; Qu: quartz; Rh: rhomboclase; Ro: romerite; Rz: rozenite; Si: siderona-
trite; Sz: szomolnokite; Vo: voltaite.

Localities of samples: SPT107: Skouriatissa Mine, Cyprus (Smithsonian Insti-
tute National Museum of Natural History #104139-1); SPT108: Warner Mine,
south of Host Springs, Mineral County, NV, USA (Smithsonian Institute Na-
tional Museum of Natural History #95074-1); SPT109: Borate, San Bernardino
County, CA, USA; SPT110: Sulfur Hole, near Borate, San Bernardino County,
CA, USA; SPT111: Island Mountain Mine, Trinity County, CA, USA; SPT112:
Yazd, Iran; SPT113: Sierra Gorda, Chile; SPT114: Laurium, Greece; SPT115:
Arabia District, Pershing County, NV, USA; SPT116: Copiapa Jarosite Mine,
Dona Ana County, NM, USA; SPT117 and SPT118: Alma Pyrite Mine, Leona
Heights, Oakland, Alameda County, CA, USA; SPT119: Dexter #7 Mine, San
Rafael Swell, UT, USA; SPT120: Rustler Mine, Tooele County, UT, USA,;
SPT121: Skouriatissa, Cyprus; SPT122: Alcaparrosa, Chile; SPT123: Capitol
Reef National Monument, Wayne County, UT, USA; SPT124: Redington Mine,
Knoxville, Napa County, CA, USA; SPT125: Sierra Gorda, Chile; SPT126:
Alcaparrosa, Chile; SPT127: UT, USA; SPT128: unknown locality; SPT129:
Marysvale, Piute County, UT, USA; SPT130: Oage Mine, Ominato, Aomori-
ken, Honshu, Japan; SPT131 and SPT132: Borate, San Bernardino County,
CA, USA,; SPT133: Alcaparrosa, Chile; SPT134: Island Mountain Mine, Trin-
ity County, CA, USA; SPT135: Island Mountain Mine, Trinity County, CA,
USA; SPT136: Sierra Gorda, Chile; SPT137 and SPT138: Coso Hot Spring,
Inyo County, CA, USA; SPT139: Alcaparrosa, Chile; SPT140: Kelly Mine,
Red Mountain, Randsburg Mining District, San Bernardino County, CA, USA,;
SPT141: Stassfurt, Saxony, Germany; SPT142: Salt Lake, Box Elder County,
UT, USA; SPT143: Basque Lakes, near Ashcroft, BC, Canada; SPT144:
Getchell Mine, near Golconda, Humboldt County, NV, USA; SPT145: Excep-
cion Mine, Villa Ahumada, Chihuahua, Mexico; SPT146: Castle Dome, Yuma
County, AZ, USA; SPT147: Tsumeb, Namibia; SPT148: Italy (Smithsonian In-
stitution National Museum of Natural History #163581).

1 OH/H,O taken as difference between total loss on ignition (after heating
sample to 950 °C for 1 h) and SOz content.

2 Crystalline phases detected by XRD.

@ Measured loss on ignition was lower than SO3 content; this suggests that
some sulfur may be present as sulfides, but no sulfide phases were detected by
XRD.

b All Fe reported as Fe,03.

¢ S03 content is higher than loss on ignition; this is likely due to the presence
of pyrite in the sample; total S content in this sample is 25.4 wt%.

4" OH/H,0 content taken as difference between loss on ignition and SO3 con-

tent.
€ Loss on ignition after heating sample in air at 950°C for 1 h (i.e., SOz +

OH + H,0).
- An unknown amount of an amorphous component also detected by XRD.

Changes in the hydration states of some of the samples may
also have occurred in the course of this study. Storage condi-
tions for the samples prior to their acquisition for this study are
unknown. However once the samples were acquired, they were
placed in airtight containers with minimal headspace. The sam-
ples were exposed to ambient atmosphere for, at most, a few

hours in the course of sample preparation, crushing and siev-
ing, and for the compositional, structural analyses, and spectral
measurements. The resultant spectra are very similar to those
measured by Crowley et al. (2003), who used different sample
preparation, storage, and spectral measurement procedures, for
sulfates common to both studies.

A few comments are in order for some of the samples used
in this study. Fe3t-bearing sulfates used in this study were
fibroferrite, rhomboclase, amarantite, coquimbite, paracoquim-
bite, and ferricopiapite. Fibroferrite is the dominant phase in
SPT121. Compositionally, this sample is close to the ideal for-
mula, but with a lower H2O + OH content (27.8 vs 38.3 wt%).
SPT139 is essentially pure rhomboclase and is subordinate to
romerite in SPT110. Amarantite is the dominant sulfate in sam-
ple SPT112, which also contains hematite. Coquimbite and
paracoquimbite are the dominant sulfates in SPT119, 126, 132,
and 137 and are close to the ideal compositions. Ferricopiapite
is the dominant sulfate in SPT109, 125, and 133. Composi-
tionally, these samples contain less than the ideal amount of
OH/H,0 but are otherwise consistent with ferricopiapite.

Samples containing both Fe** and additional cations in-
clude hydronium jarosite, botryogen, sideronatrite, jarosite,
and natrojarosite. Hydronium jarosite is represented by sam-
ple SPT120, which also contains abundant quartz. Composi-
tionally, this sample deviates from the ideal formula in terms
of OH/H3O content, even after accounting for the quartz; the
reason for this is unclear. Botryogen is represented by sample
SPT124. Compositionally, it is close to the ideal formula, but
with a lower than expected OH/H,O content. Sideronatrite is
represented by two samples, SPT123 and SPT136. Jarosite and
natrojarosite are represented by three samples of each species
(as discriminated by XRD)—natrojarosite: SPT107, SPT108,
SPT113; jarosite: SPT114, SPT115, SPT116. These two min-
erals are grouped together because they form a solid solution
series. Compositionally, all of the samples have less than ex-
pected OH/H,O contents. Samples SPT107, 108, 113, and 114
also contain accessory phases (Table 2). The Na;O:K>O ratios
for these samples range from 0.03 to 7.55.

The samples containing both Fe3t and Fe*+ or just Fe?t
that were used in this study are voltaite, romerite, and copi-
apite (Fe3+- and Fe?t-bearing), and szomolnokite, rozenite,
and melanterite (Fe?*-bearing). Voltaite is the dominant sulfate
in SPT111, and substantial romerite is also present. Romerite
is the dominant sulfate in samples SPT110, 122, and 134, but
a pure romerite sample was not available. Copiapite is the
only sulfate detected in SPT117 by XRD, but the composi-
tional analysis is more consistent with ferricopiapite. Copiapite
is the dominant sulfate in SPT131 and SPT138. Szomolnokite
is the dominant sulfate in SPT144, which also contains other
phases. Rozenite and melanterite are both present in SPT130,
with rozenite dominating. There is also a small amount of Fe3*t
present in this sample in an unidentified phase, likely a sul-
fate.

Iron-free sulfates used in this study include hexahydrite,
kieserite, pickeringite, alunite, anhydrite, gypsum, anglesite,
barite, and celestite. Hexahydrite is the only crystalline mate-
rial detected in SPT143, although XRD analysis indicates the
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I Fe*-bearing sulfates
30T
[0 25 —:“ Rhomboclase: SPT139 (+2.2)
8 T Fibroferrite: SPT121 (+1.9)
B I Amaratite: SPT112 (+1.8)
020 ¢
2 =
= 1
o5} 4
— 4
o 15 1
2 I .
= T Paracoquimbite: SPT137 (+1.0}
3 T Coquirtbite: SPT132 (+0.7)
o 10 F
< ]
4 Coquimbite: SPT126 (+0.4)
0.5 Coquimbite: SPT119 (+0.2)
B Ferricopiapite: SPT133 (+0.1)
00 13 . . . Ferricopiapite: SPT109 (+0)
: oo TR T T TP U Ferricopiapite: SPT125 (30)
03 0.8 1.3 1.8 2.3
Wavelength (um)
(@)
Fe*'- and additional
T cation-bearing sulfates
30F Hydronium jarosite:
~ L SPT120 (+2.6)
¥ Botryogen: SPT124 (+2.2
© 25 1T tryog: S )]
8 T
© T Sideronatrite: SPT136 (+1.8)
=
220
% T Sideronatrite: SPT123 (+1.4)
— 4
o 1.5 + Jarosite: SPT114 (+1.0)
- BS
% I Natrojarosite: SPT108 (+0.8)
210 F Natrojarosite: SPT107 (+0.5)
< T Jarosite: SPT116 (+0.2)
05 + Natrojarosite: SPT113 (+0.1)
B = Jarosite: SPT115 (+0.0)
0.0 F—————————r—t— it
03 0.8 1.3 1.8 2.3
Wavelength (um)
(b)

Fig. 1. 0.3-2.5 um reflectance spectra of sulfates sorted by major cation groups. Numbers in brackets indicate linear vertical offset applied to the spectra for clarity.
(a) Fe3*-bearing samples; (b) Fe3+- and additional cation-bearing samples; (c) Fe3*- and/or Fe?+-bearing samples; (d) Mg-, Al-, Ca-, K-bearing and Fe-free
sulfates; (e) Pb- and Ba-bearing sulfates. The spectra were acquired by two different instruments under different viewing geometries and with different sample
preparation procedures and merged in the 2.5 um region, thus spectral features across this divide may not be directly comparable.

presence of an additional amorphous component. Kieserite is
represented by SPT141. This sample also contains halite, and
a small amount of Fe3* in an unidentified sulfate phase. Pick-
eringite is the dominant sulfate in SPT118, 140, and 142. The
small amounts of Fe3* in all three samples result in weak ab-
sorption bands below 1 um; pure pickeringite is expected to be
spectrally featureless in this region. Alunite is represented in
this study by SPT129, which contains less than the predicted
amount of OH. Anhydrite is represented by a natural (SPT128)
and synthetic (P1G002) sample. Gypsum is also represented by
a natural (SPT127) and synthetic (PIG005) sample. Four es-
sentially pure anglesite samples were used in this study: three
natural (SPT145, 147, and 148) and one synthetic (P1G021).
Two samples of essentially pure barite were available, one nat-
ural (SPT146) and one synthetic (PIG003).

4. Previous spectral studies

Sulfates have been the subject of a number of previous stud-
ies, and the most relevant are summarized here. Moenke (1962)
presented a compendium of 5.5-25 um (400-1800 cm~1) trans-
mission spectra of a number of sulfate minerals, along with a
brief discussion of their general spectral features. Ross (1974)
provided an overview of the infrared spectral-transmission
properties of a number of sulfates, and discussed absorption
band assignments for this class of minerals. Salisbury et al.
(1987) also measured transmission spectra of a number of sul-
fate minerals. Adler and Kerr (1965) used transmission spectra
of a number of sulfates to demonstrate that some sulfates have
non-equivalent sites, based on the presence of a more than ex-
pected number of fundamental vibration bands.
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Fig. 1. (continued)
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Fe>*-bearing sulfates
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Fig. 2. 2.5-12 um reflectance spectra of sulfates sorted by major cation groups. Numbers in brackets indicate linear vertical offset applied to the spectra for clarity.
(a) Fe3*-bearing samples; (b) Fe3+- and additional cation-bearing samples; (c) Fe3*- and/or Fe?+-bearing samples; (d) Mg-, Al-, Ca-, K-bearing and Fe-free
sulfates; (e) Pb- and Ba-bearing sulfates.
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Fig. 2. (continued)

Morris (1963) used changes in absorption band positions and
depths in hydrated calcium sulfate transmission spectra to en-
able discrimination of different hydrated calcium sulfates and
determination of total H,O content. Omori and Kerr (1963)
measured transmission spectra (2-15 pm; 670-5000 cm~1) of
58 sulfates. They found that the spectra could be grouped on the
basis of similarities in spectral properties as follows: anhydrous
sulfates show a strong S—O band near 9 pm (1100 cm~1), and
sometimes a second band near 8.5 um (1180 cm™1); alkali hy-
drous sulfates show a strong 3 um (3300 cm~1) band, a medium
intensity 6 pm (1670 cm~—1) H,O band, and a strong 9 um
(1100 cm~1) S-0 band; hydrous sulfates with Ca and other
atoms show strong 3 pm (3300 cm~1) and 9 pm (1100 cm™1)
bands, in some instances accompanied by bands near 4.5 pm
(2200 cm~1), 8.5 um (1180 cm~1), and 10 um (1000 cm~1);
sulfates with OH, F, or Cl have a strong band or bands near 3 um
(3300 cm~1), and multiple bands in the 9 pm (1100 cm~1) re-
gion; hydrous sulfates with OH, F, or Cl have a broad band at

3-3.5 pm (2860-3300 cm~1) and multiple bands in the 9 pm
(1100 cm~1) region (see Fig. 2).

Powers et al. (1975) measured infrared (2.5-250 um; 40-
4000 cm~1) transmission spectra of jarosite, hydronium jarosite,
alunite, and Fe(OH)SO4, and made the following assignments:
1-2 bands in the 8.1-9.3 pm (1070-1230 cm~1) region to v3
S-O bending; 1 band at 9.7-10 um (1000-1030 cm~1) to OH
deformation; 2 bands in the 14.7-16.2 um (620-680 cm™1)
region to v4 S-O bending; and 2 bands in the 18.9-19.8 um
(505-530 cm~1) and 20.6-21.5 um (465-485 cm~1) regions to
Fe—O stretching (up to two more weaker Fe—O bands may be
present in the 17-23 um (435-590 cm—1) range). Roush (1996)
measured transmission spectra (5-25 pm; 400-2000 cm—1) of
five sulfate minerals. The major absorption features were found
in the 8-10 um (1000-1250 cm~1), 16 um (625 cm~1), and
19-21 um (475-525 cm~1) regions, and are attributable to v3
S-0 bending, v4 S-O bending, and Fe-O stretching, respec-
tively.
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Fig. 3. 12-26 pm reflectance spectra of sulfates sorted by major cation groups. Numbers in brackets indicate linear vertical offset applied to the spectra for clarity.
(a) Fe3*-bearing samples; (b) Fe3+- and additional cation-bearing samples; (c) Fe3*- and/or Fe?+-bearing samples; (d) Mg-, Al-, Ca-, K-bearing and Fe-free
sulfates; (e) Pb- and Ba-bearing sulfates.
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Fig. 3. (continued)

Lane (2004) presented 5-50 pm (200-2000 cm—1) emission
spectra of 30 sulfate minerals. These spectra are dominated by
v3 SO bands in the 8 um (1250 cm~1) region, with generally
weaker v4 S-O bending bands in the 17 pum (590 cm~1) re-
gion. Lane and Christensen (1998) presented emission spectra
for gypsum and anhydrite. Both samples showed similar spec-
tral behavior in the 5-25 pm (400-2000 cm~1) range. They also
showed that emission features above ~7 um (<1430 cm™1)
can undergo dramatic changes as grain size is reduced below
~100 pm. Vassallo and Finnie (1992) measured emission spec-
tra of gypsum, anhydrite, thenardite, and glauberite to track
phase transformations as a function of temperature. They found
that increasing temperature shifts S—O absorption bands to
longer wavelengths and that the presence or absence of specific
absorption bands is tied to phase transformations. The 8-13 pm
emission spectra of a number of sulfates were investigated by
Crowley and Hook (1996) to determine their detectability and
discrimination in this wavelength region.

A series of papers by Rossman (1975, 1976a, 1976b, 1996)
examined the 0.3-1.3 pm absorbance spectra of a number of Fe-
bearing sulfate minerals. These studies showed the variety of
Fe3+-associated absorption bands present in these minerals and
clarified the role of Fe3* hydroxo-bridging in the expression of
these spin-forbidden bands.

Bigham et al. (1990) and Murad and Rojik (2003) spectro-
scopically analyzed products of acid mine drainage. The major
phase in their samples was a complex iron oxyhydroxysulfate,
likely schwertmannite. The most intense absorption bands were
found in the 8-10 um (1000-1250 cm~1) region, attributable
to v3 S-O bending and v; S-O stretching. A band at 16.4 pm
(610 cm~1) was attributed to v4 S-O bending. Assignment of
an absorption band at 14.5 um (690 cm~1) was uncertain and
tentatively attributed to Fe—O stretching.

Selected sulfates have also been characterized by reflectance
spectroscopy by a number of investigators. Hunt et al. (1971),
Hunt and Ashley (1979), Clark et al. (1990), and Grove et al.
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(1992) presented reflectance spectra of a few sulfate minerals,
but generally with little accompanying compositional or struc-
tural information. More systematic examinations of selected
sulfate minerals in both reflectance and emittance were pre-
sented by Bishop et al. (2005a) and Lane et al. (2004).

Crowley (1991) and Crowley et al. (2003) measured 0.4—
2.5 pm reflectance spectra of a number of H,O/OH-bearing
sulfates. The spectra of these minerals are dominated by H,O-
related absorption features, particularly in the 1.4 and 1.9 pym
regions. Differences in these wavelength regions can be at-
tributed to different bonding configurations for HoO. A number
of them also exhibit absorption bands in the 2.1-2.5 pm region.
Hexahydrite and bloedite spectra measured by Crowley (1991)
are similar to those measured by Dalton (2003). The thenardite
spectrum (an anhydrous species) is essentially featureless and
similar to that measured by Hunt et al. (1971).

Dalton (2003) measured 0.6-2.5 pm reflectance spectra of
MgSO4-nH0 for n =0, 1, 1.5, 2, 3, 4, 5, 6, and 7. These
spectra are dominated by H,O absorption bands in the 1.0,
1.2, 1.4, and 1.9 um regions. With increasing H,O content, the
shapes of features in the 1.4 and 1.9 um regions change as rel-
ative absorption band strengths vary. These absorption features
also display significant temperature sensitivity (Dalton, 2003;
Dalton et al., 2005), which is important not only for remote
sensing of icy satellites, but also for Mars.

5. Resultsand interpretations

The reflectance spectra of the various samples have been
compared to clarify some of the absorption band assignments
over which confusion exists, as well as to search for spectral—
compositional-structural systematic relations that can be used
to discriminate the various sulfates included in this study. The
ensuing discussion is subdivided on the basis of specific as-
signments and/or wavelength regions. In addition, the sulfates
have been grouped in two different ways in subsequent tables
depending on the spectral feature of interest. For H,O/OH-
related absorption features, the samples are grouped into an-
hydrous, H,O-bearing, OH-bearing, and H,O- and OH-bearing
categories. For SO4-related absorption features, the samples are
grouped according to the structural classes described above.

At a broad level, reflectance spectra of sulfates will exhibit
spectral features due to transition-series elements (if present),
H>0O and/or OH (if present), and the SO4 complexes. The wave-
length positions and intensities of these bands are a function of
composition, structure, and temperature (e.g., Omori and Kerr,
1963; Vassallo and Finnie, 1992; Dalton, 2003; Lane, 2004;
Dalton et al., 2005). Chaban et al. (2002) have shown that
changes in factors such as water abundance lead to shifts in ab-
sorption band positions, and changes in the number of absorp-
tion bands, with more water-related absorption bands appearing
in samples with greater numbers of sites available to water
molecules. Spectroscopic techniques can also be used to de-
tect metastable forms and irreversible transformations resulting
from heating (Vassallo and Finnie, 1992). A number of previous
spectral studies, including those cited above, have been assimi-

lated to develop an overview of the spectral properties of sulfate
minerals.

5.1. Fe®* absorption bands: 0.3-1.0 um region

Fe3*-bearing sulfates can display absorption bands when
the iron atoms are linked through shared oxygens or hydrox-
ide ions (Rossman, 1975). Absorption in the 0.3-1 um re-
gion results from Fe3+ GAlg spin—forbidden ligand field tran-
sitions in edge- or corner-shared Fe3+(O/OH)g octahedra. Spin
polarization in these linked octahedra enables magnetic cou-
pling via superexchange interactions (Sherman et al., 1982;
Sherman and Waite, 1985). This magnetic coupling causes re-
laxation of the selection rules and the spin—forbidden transitions
occur (Bishop and Murad, 2005). These spin—forbidden bands
are stronger in oxo-bridged Fe3t cations than in hydroxo-
bridged Fe3* cations (Sherman, 1985). The positions of these
absorption bands vary among different Fe3* hydroxysulfates
(Powers et al., 1975; Rossman, 1975, 1976a, 1976b). Absorp-
tion bands in the 0.43 um ((A1g — (*Aqg, *Eg) transition) and
0.8-0.9 pm (®A1q — 4T14 transition) regions are generally the
most intense of these bands, followed by bands in the ~0.5-
0.55 pm region (Crowley et al., 2003). The 0.43 um feature is
narrower than the 0.8-0.9 um feature in wavelength space.

The reflectance spectra of all of the hydroxy- and oxyhy-
droxy-sulfates containing only Fe3* exhibit absorption bands
in the 0.4-1 um region. The results of this study agree with
band positions determined by previous investigators for those
samples which are common to more than one study, generally
to within 10 nm (Table 3). The spectral resolution of the cur-
rent data (5 nm) is insufficient to resolve the three absorption
bands that should be present in coquimbite between 0.415 and
0.433 pm (Rossman, 1975), but multiple bands are suggested
by the asymmetric shape of the absorption feature in this region
(Fig. 4). Three absorption bands are expected because iron is
present in three different coordination environments (Fang and
Robinson, 1970). For jarosite, a weak inflection was detected
near 0.63 um (Fig. 4). The transmission spectrum of Rossman
(1976a) also shows a weak inflection in this region, although
this feature was not assigned to a specific mechanism. In ama-
rantite, the absorption feature in the 0.43 um region is generally
weak in transmission spectra (Rossman, 1976b) and the pres-
ence of hematite in our sample lowers reflectance in this region,
effectively masking this feature. Copiapite exhibits both Fe3+
(0.43, 0.55, 0.85 pm) and Fe2t absorption bands (1.18 pm),
consistent with its composition.

Of the sulfates containing both Fe3* and Fe?*, romerite
and voltaite do not exhibit obvious Fe3t bands, while copi-
apite exhibits strong Fe3* bands (Fig. 5). This is due to the fact
that Fe3+-containing octahedra in romerite and voltaite are not
hydroxo-bridged to adjacent octahedra (a requisite for enabling
spin forbidden Fe3* transitions to become allowed), but are
hydroxo-bridged in copiapite. The results presented in Table 3
indicate that Fe3* absorption bands, particularly those in the
0.43 and 0.8-0.95 um regions, can be used to detect hydroxo-
bridged Fe3+-bearing/Fe?+-free sulfates, as well as copiapite,
and that the wavelength position of the 0.8-0.95 um band can



Table 3

Sulfate reflectance spectra

Wavelength positions (in im) of minima of Fe3+-associated absorption bands for Fe3+-bearing sulfates

135

Mineral Electronic transition Source of data
A1g — (“Ag, “Eg) CAg — 4Ty Ag — 4Tyg

Reflectance spectra
Rhomboclase3 0.429 0.532 0.785 This study
Fibroferrite? 0.427 0.552 0.844 This study
Amarantite2 0.43° 0.55¢ 0.865° This study
Coquimbite! 0.423-0.433¢ 0.553-0.558 0.774-0.775 This study
Ferricopiapite? 0.431 0.552 0.860-0.873 This study
Hydronium jarosite3 0.432 0.682 0.895 This study
Botryogen2 0.405, 0.432 0.52 0.950 This study
Sideronatrite? 0.433 0.5%, 0.632 0.916-0.922 This study
Jarosite3 0.43-0.436 0.5%, 0.632 0.915-0.922 This study
Natrojarosite3 0.43-0.434 0.52, 0.632 0.914-0.919 This study
Voltaite? - - - This study
Romeritel - - - This study
Copiapite2 0.430 0.552 0.855-0.866 This study
Schwertmannite 0.432 0.5%, 0.62 0.915-0.918 Bishop and Murad (1996)

Transmission spectra
Coquimbite® 0.415, 0.427, 0.433 0.561 0.778 Rossman (1975)
Magnesiocopiapite2 0.430 ~0.555, ~0.598 ~0.818, 0.864 Rossman (1975)
Botryogen2 0.412, 0.432 ~0.498 0.939 Rossman (1975)
Fe(OH)SO,4 0.428 ~0.490 0.945 Rossman (1975)
Butlerite? 0.424 0.488 0.920 Rossman (1976a)
Parabutlerite? 0.416, 0.428 0.478 0.816, 0.912 Rossman (1976a)
Stewartite 0.428 0.880 Rossman (1976a)
Jarosite3 0.434 ~0.472 0.933 Rossman (1976a)
Fibroferrite? 0.423 0.555 0.840 Rossman (1976a)
Amarantite? 0.424, 0.434, 0.442 0.500 0.866 Rossman (1976b)
Metavoltinel 0.464 0.855 Rossman (1976b)

Note. Absorption bands associated with accessory phases have been omitted.
& Shoulder, band position approximate.

Band position may be affected by the presence of hematite in the sample.
Weak band expected at this wavelength may be obscured by presence of hematite.
Spectral resolution (5 nm) of current study inadequate to resolve expected closely spaced bands in 0.43 um region.

Structure consists of infinite chains.
Structure consists of infinite sheets.
Structure consists of infinite framework.

B W NP Qo o

Structure consists of finite clusters of polyhedra.
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Jarosite; SPT115 (+0.05)
Amarantite: SPT112 (+0)

Fig. 4. Reflectance spectra of the region of Fe3* absorption bands (0.3-1.2 pm) for selected Fe3*-bearing samples. Numbers in brackets indicate linear vertical

offset applied to the spectra for clarity.
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Fig. 5. Reflectance spectra (0.3-1.4 um) of Fe3* - and/or Fe2* -bearing sulfates. Numbers in brackets indicate linear vertical offset applied to the spectra for clarity.
(a) Spectra of samples showing two absorption bands near 0.9 and 1.17 um; (b) spectra of sample showing only a single absorption band near 0.9 pm.

be used to discriminate most of them. In cases where absorption
band positions do not uniquely discriminate an individual sul-
fate (e.g., sideronatrite versus jarosite; Table 3, Fig. 4), relative
band intensities may provide a potential method of discrimina-
tion.

Fed*-bearing non-sulfates may also display absorption
bands similar to those seen in the Fe3*-bearing sulfates. In
particular, we have found that some serpentinites and goethite
can also display spin—forbidden Fe3* transitions (Morris et al.,
1985; King and Clark, 1989; Clark et al., 1990), broadly com-
parable to those seen in jarosite (Fig. 6). The shape and width
of the 0.43 pm absorption feature differs between jarosite and
the serpentinites, and the wavelength position of the goethite
absorption band (0.45 pum) differs from that of the jarosite
(0.43 pm) and is very intense, as expected for oxo-bridged
Fe3* (Sherman et al., 1982). In addition, there are differences
between jarosite and the other sample spectra in terms of the
positions of the longer wavelength Fe3* absorption bands. The

visible/near infrared region could potentially be used to distin-
guish sulfate from non-sulfate hydroxo-bridged Fe3+*-bearing
minerals.

5.2. Fe?* absorption bands: 0.9-1.2 um region

Ferrous iron is present in a number of common sulfates such
as melanterite, halotrichite, rozenite, and copiapite. There is lit-
tle data on the nature of Fe?*-associated absorption bands in
sulfates. This was investigated by comparing the reflectance
spectra of Fe3t, Fe?t, and Fe-free synthetic ammonium-
bearing sulfates (Fig. 7). Comparison of the three spectra in-
dicates that prominent Fe?*-associated absorption bands occur
near 0.9 and 1.2 um, in contrast to the Fe3* feature which is lo-
cated near 0.83 um (Crowley et al., 2003). The appearance of
two Fe?*+ absorption bands in the 0.9-1.2 um region is similar
to type A clinopyroxene spectra, whose absorption bands are at-
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Fig. 6. Reflectance spectra of goethite, jarosite (SPT115), and two serpentinites, showing details of absorption bands in the 0.3-1.2 um region. The goethite and
jarosite spectra have been linearly vertically offset by the amounts shown in brackets in order to enhance details in the visible spectral region.
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Fig. 7. Reflectance spectra of synthetic ferric ammonium sulfate (FeNH4(SO4);-12H,0; unsorted), synthetic ferrous ammonium sulfate ((NHz),FeSO4-6H,0;
<45 pm grain size), and synthetic ammonium sulfate ((NH4)2SO4; <45 pm grain size).

tributable to Fe?* crystal field transitions (Cloutis and Gaffey,
1991; Burns, 1993b).

The Fe?*-bearing sulfates that were analyzed in this study
include three species containing only Fe?t (szomolnokite,
rozenite, melanterite), two containing both Fe?T and Fe3t
(romerite, copiapite), and one containing Fe2+, Fe3*, and other
cations (voltaite). All are expected to exhibit Fe?t crystal field
transition bands. Absorption bands in these spectra that are
likely associated with Fe2* are listed in Table 4. Three types
of Fe?* coordination occur in these minerals. The Fe?t in
melanterite, romerite, and copiapite is coordinated by H»O, in
szomolnokite and rozenite it is coordinated by SO4 and H,O,
and in voltaite the coordination is more complicated. Spectra of
the minerals where the Fe?* is coordinated by H,O exhibit two
bands near 0.9-0.95 and 1.17 um, whereas the others exhibit a
single band near 0.9 um (Fig. 5). It should be noted that one

Table 4
Wavelength positions of minima for likely or presumed Fe2*-associated ab-
sorption bands for the sample spectra used in this study

Mineral Type of Fe2* coordination

SOg4 and H,O (rozenite)

Band position (um)

Rozenite/melanterite

H, 0 (melanterite) ~0.928, ~1.17
Romerite H,0 ~0.9478, ~1.17
Copiapite H,0 0.970, 1.179b
Szomolnokite SO4 and H,O ~0.9
\oltaite Complex ~0.9

Note. Absorption bands associated with accessory phases have been omitted.

2 Band may be due to Fe3* and/or consist of overlapping Fe3* and Fe?*
bands.

b Weak bands may be present but obscured by other bands.

romerite spectrum (SPT134) shows no evidence for a 1.17 um
band.
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5.3. H»0, OH, and metal-OH absorption bands

The presence of H,O and/or OH can lead to a humber of
absorption features. The free H,O molecule has a symmetric
H-O-H stretch (v1) at 2.738 pm, an asymmetric H-O—H stretch
(v3) at 2.66 um, an H-O-H bend (vy) at 6.27 pm (Clark et al.,
1990), and a rotational fundamental near 20 um (Bayly et al.,
1963). In ice, in which hydrogen bonding occurs (as it does for
many hydroxysulfates), the stretching and bending bands shift
to 3.10 pm (v1), 2.94 pm (v3), and 6.06 pm (vz). For isolated
H>0O molecules, overtones and combinations of these bands are
expected near 0.94 pm (2v1 + v3), 1.13 um (v1 + v2 + v3),
1.38 um (v1 + v3), 1.45 um (2v2 + v3), and 1.88 pm (v2 + v3).
In ice, overtone and combination bands are seen in transmission
and reflectance spectra at 1.04 pm (vs 0.94 pym), 1.25 um (vs
1.13 pm), 1.50-1.66 pm (vs 1.38-1.45 um), and 1.96-2.05 pm
(vs 1.88 um) (Buijs and Choppin, 1963; Yamatera et al., 1964;
Thomas et al., 1965; Clark, 1981). The H,O ice molecule also
has rotational and translational vibration bands near 13 um
(770 cm~1) or 20 um (500 cm~1), and near 48 pm (210 cm~1),
respectively (Bayly et al., 1963; Ryskin, 1974). In ice spectra,
an absorption band is seen near 2.55-2.6 um, as a shoulder on
the short wavelength wing of the H,O stretching fundamen-
tals, and has been assigned to a combination of the asymmetric
stretch (v3) and the rotational fundamental (v._) that occurs near
20 um (500 cm~1) (Bayly et al., 1963).

OH™ has only one stretching vibration (von), located near
2.8 um (3570 cm~1). Overtones of this absorption are expected
near 1.4 um (7140 cm™1) (2von) and 0.95 pm (10,700 cm—1)
(3von). The wavelength position of the OH vibration is re-
lated to the electronic environment of the site that it occupies
(Ryskin, 1974). OH also has rotational vibration bands in the
9-25 um (400-1100 cm~1) range and translational vibration
bands in the 15-33 pm (300-670 cm—1) range (Moenke, 1974).
The presence of a 1.9 um band indicates molecular H,O in a
sample, whereas the absence of a 1.9 um band but the presence
of a 1.4 um band indicates that only OH is present.

5.3.1. Metal-OH absorption bands: 10-25 pm
(400-1000 cm~1) region

Metals present in various minerals, where the metal is
bonded to OH or O in octahedral sites can give rise to metal—
OH or metal-O bending vibrations, in addition to affecting
the wavelength position of the O-H stretching fundamen-
tals (Farmer, 1974a). Metal-OH bending vibrations occur
largely in the 10-17 pm (590-1000 cm~—1) region (Ross, 1974;
Farmer, 1974a; Moenke, 1974). In general, Fe—-OH bending
bands occur in the 19-20 pm (500-525 cm~1) region; jarosite—
alunite minerals exhibit two or three metal-OH bending bands
near 12.5 um (800 cm~1) and 20 um (500 cm—1), Na-, K-,
Mg-, Ca-bearing sulfates exhibit one or two bands between
11.8 um (850 cm~1) and 14 um (715 cm~1), with a number
of other mixed-cation species showing one or two bands in the
13-19.2 um (520-770 cm~1) range (Ross, 1974). It should be
noted that band assignments in longer-wavelength regions are
often uncertain (e.g., Ross, 1974; Ryskin, 1974); for example,
other investigators have assigned a band at 20.4 pm (490 cm~1)

to the vy S-O vibrational mode rather than a metal-OH bend
(e.g., Lane and Christensen, 1998).

Fe—O-Fe stretching bands appear near 14.2 pm (705 cm~1),
20.7 um (480 cm~1), and 23.8-25 um (400-420 cm~1) for
schwertmannite (Schugar et al., 1972; Bigham et al., 1990,
1994; Bishop and Murad, 1996). Powers et al. (1975) assigned
up to five bands in the 17-25 um (400-590 cm~1) region to
Fe-O vibrations for a number of iron-bearing sulfates. They
found that the one or two strongest bands were located between
18.9 um (530 cm~1) and 21.5 pm (465 cm™1). In jarosite, ab-
sorption bands at 19.2 um (520 cm~1) and 20.9 pm (478 cm—1)
have been assigned to Fe—-O vibrations. In natrojarosite, these
bands shift to 19.5 um (512 cm~!) and 20.8 pm (480 cm~1)
(Sasaki et al., 1998).

Mg-O stretching was the mechanism assigned to absorp-
tion bands at 24.3 pm (412 cm~1) and 24.9 um (402 cm~1) in
the spectrum of kieserite (Schubert, 1967). Other investigators
have found Mg-O stretching bands in other sulfate minerals
near 50 pm (200 cm~1) (Ross, 1974). In alunite, absorption
bands at 14.7 ym (681 cm~1), 15.8 pm (631 cm~1), 16.6 um
(602 cm~1). 18.9 um (529 cm~1), and 23.1 um (432 cm~1)
have been assigned to AlO»(OH), vibrations (Breitinger et al.,
1997). Information on other metal-O stretching bands in sul-
fates is generally lacking. The available data for various metal—
OH vibrations in common sulfate minerals are summarized in
Table 5.

H-O-H/O-H rotational and translation bands are expected
longward of ~12 pm (830 cm~1), and the rotational vibration
is expected somewhere between 12 and 20 um (500-830 cm~1)
(Table 6) (Ross, 1974). However, band assignments beyond
~17 pm (<590 cm~1) are not fully resolved and hence the util-
ity of bands in this region is still limited. In addition, absorption
bands in the 12 um region occur in or near the region also oc-
cupied by S-O bending vibrations. The shape and intensity of
these bands varies widely, from strong and sharp bands through
very weak inflections, to no evident band. For those minerals
common to both Ross (1974) and this study (Table 6), band po-
sitions are generally in good agreement. However, the diversity
of intensities, shapes, and wavelength positions does not per-
mit these assignments to be extended to other sulfates with a
reasonable degree of confidence.

Some, but not all, of the H,O-bearing sulfates exhibit a re-
solvable absorption band in the 11-13 pm (770-900 cm—1)
region, that is likely attributable to H>O rotation (Tables 6
and 7). The OH-bearing sulfates, such as jarosite and alunite
have a number of OH rotational and translational bands long-
ward of 12 pm (<830 cm~1) (Ross, 1974; Serna et al., 1986;
Bishop and Murad, 2005) (Tables 6 and 7). In addition, alu-
nite has an OH deformation band near 8.7 pm (1150 cm~1)
(Breitinger et al., 1997). The nominally anhydrous sulfates, an-
hydrite, barite, celestite, and anhydrite (which contains some
gypsum) may exhibit weak absorption bands associated with
H,O inthe 1.4,1.9, 3, and 6 um regions. These are likely due to
some combination of adsorbed HO, fluid inclusions, or incip-
ient alteration, and are not characteristic of the pure anhydrous
phases.
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Table 5

Wavelength positions of absorption bands due to metal-oxygen vibrations in transmission and reflectance spectra from other investigators

Mineral Band positions Assignment Source of data
Jarosite 19.2 um (520 cm™1), 20.9 pm (478 cm—1) O-Fe Sasaki et al. (1998)
Jarosite 18.2 um (550 cm~1), 19.8 pm (505 cm—1)

21.3 um (469 cm~1), 22.7 um (441 cm—1)
19.5 um (512 cm™1), 20.8 pm (480 cm—1)
19.8 um (505 cm—1), 21.5 pm (465 cm—1)
26.2 um (383 cm~1)

21.7-24.4 um (410-460 cm—1)

14.2 ym (704 cm~1), 20.7 ym (483 cm—1)
23.8-25.0 um (400-420 cm—1)

Natrojarosite
Hydronium jarosite

Schwertmannite

FeOg vibrations
O-Fe

Powers et al. (1975)
Sasaki et al. (1998)

FeOg vibrations
Fe—O stretch
Fe—O stretch
Fe-O stretch

Powers et al. (1975)
Bigham et al. (1990)
Bigham et al. (1994)
Bishop and Murad (1996)

Alunite 16.8 um (595 cm™1), 18.9 ym (528 cm~1)

20.6 um (486 cm~1), 23.1 um (433 cm—1) FeOg vibrations Powers et al. (1975)
Alunite 14.7 um (681 cm™1), 15.8 ym (631 cm~1)

16.6 um (602 cm™1), 18.9 pm (529 cm—1)

23.1 um (432 cm—l) AlO,(OH)4 vibrations Breitinger et al. (1997)
Kieserite 24.3 um (412 cm—1), 24.9 um (402 cm™1) Mg-O stretch Schubert (1967)
Table 6 The minerals used in this study include samples containing

OH/H,0 rotational mode absorption bands in transmission and reflectance
spectra of sulfates

Mineral Absorption band position in  Present in reflectance spectra?

transmittance spectra (um)  (Position (um))
Alunite 12.5

Possibly, as shoulder on wing of
more intense 13.1 pm band

12.8 Yes (13.1 pm)
19.8 Yes (20.5 pm)
Amarantite  18.9 Yes (19.3 pm)
19.7 Yes (20.3 ym)
Botryogen  13.0 Yes (13.2 pm)

Copiapite  13.3 Possibly, as shoulder on wing of

intense 15.5 pm S-O band

18.0 Yes (~18 pm)
Coquimbite 11.9 ~12 pym, broad, weak band
Jarosite 12.7 ~12.4 ym?

195 20.6°
Romerite 11.7 Yes (12.0 ym)

14.1 Possibly as a shoulder on wing of

intense 15 um S-O band
Possibly, may be obscured by in-
tense 14.8 ym S-O band

Note. Transmission data values are from Ross (1974).
& A weak absorption band is located at 12.4 um in jarosite. A weak inflection
is present near 13.2 pm. In natrojarosite an inflection is present near 12.6 pm.
b This band shifts to 20.4 um in natrojarosite.

Pickeringite 13.8

OH- and/or H,O-related absorption features occur in both
reflectance and transmission spectra of sulfates that contain
these molecular groups (e.g., Powers et al., 1975; Serna et al.,
1986; Bigham et al., 1990; Bishop and Murad, 1996). The num-
ber of absorption features is a function of the number of distinct
electronic environments available to HoO/OH and the degree
of hydrogen bonding (Buijs and Choppin, 1964; Ross, 1974;
Clark, 1981; Clark et al., 1990; Chaban et al., 2002). A num-
ber of the OH/H,0 overtone and combination bands, to wave-
lengths as low as ~1 um, may be present in reflectance spectra
of iron-free sulfates, due to their high overall reflectance (e.g.,
Dalton, 2003). The shapes and intensities of these bands change
as a function of H,O content and structural state (Dalton, 2003).

only OH, only H0O, or both, with abundances of these mole-
cules spanning a wide range, as well as minerals containing
other types of O + H groups, such as rhomboclase (Hs05), and
hydronium jarosite (H3O) (Table 1). Diverse behavior of H,O-
and OH-associated bands is expected for two main reasons:
(1) most sulfates possess extensive hydrogen bonding, and for
an H,O molecule, zero, one, or two hydrogen molecules may
participate in hydrogen bonding; and (2) many of the sulfate
minerals used in this study possess more than one structurally
distinct site that can be occupied by H,O or OH. Band positions
can be further modified by cation substitutions. Simple struc-
tural formulas may not fully reflect the site symmetries of H,O
or OH within a sulfate. As an example, the formula of gypsum
(CaS04(H20),) is suggestive of a single environment for H,O,
but it exhibits at least three H-O-H bending fundamentals in
the 6 um (1670 cm—1) region due to the asymmetric geometry
of the site occupied by H,O and the consequent differences in
H-O-H bond lengths (Hunt et al., 1971).

The OH-bearing and H>O-free samples (jarosite, natro-
jarosite, and alunite) all contain six OH groups in the unit cell
(Table 1), and are structurally similar. They all exhibit weak and
non-diagnostic H,O features near 1.9 and 6 um; this is not unex-
pected as adsorbed H,O and/or minor accessory H,O-bearing
phases may be present. The 3 um region of all the spectra shows
well-defined OH stretching absorption bands, with the strongest
band centered near 2.94 um (v3) and a weaker band near 3.0-
3.15 pm (v1) for jarosite and natrojarosite, and near 2.84 and
2.92 pum for alunite (as well as some finer structure in this
region) (Fig. 8, Tables 7 and 8). The presence of more than
one OH stretching fundamental is not unexpected as the six
OH groups are not all identically coordinated in these minerals
(Hawthorne et al., 2000). The 1.4 um region of the jarosite and
natrojarosite spectra show two absorption bands, occurring at
longer wavelengths in natrojarosite (Fig. 8, Table 8). These are
attributable to first-order overtones of von. The alunite spec-
trum exhibits at least four absorption bands in this region, two
strong bands at 1.425 and 1.467 um, and two weaker bands
near 1.46 and 1.50 um (Table 8). These band positions agree
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Table 7

Wavelength positions (in um) of minima of H,O- and OH-associated absorption bands in the 3, 6, and >8 pm regions

Mineral OH stretching fundamentals

(3 pm region) (3 pm region)

H»O stretching fundamentals

H>0O bending fundamentals
(6 pm region)

OH/H,O0 rotation or translation
(>8 pm region)

H,O- and OH-free
Anhydrite* - -
Anglesite® - -
Barite® - -

OH-bearing
Jarosite?
Natrojarosite?

2.87%, 2.93-2.94, 3.0-3.15% -
2.80%, 2.89?, 2.94-2.96, -
3.05-3.202

Alunite? 2.84, 2.88, 2.93%, 3.082 -
H,O-bearing
Kieserite® - 2.9° 3.1b
Szomolnokite® - 2.952b 3 06P
\Voltaited - 2,950, 3.18b
Rhomboclase? - ~3.0P
Gypsum? - 2.86, 2.96, 3.09
Amarantite3 - 2.93, 3.12
Coquimbite? - ~3.0P
Romerite? - 3.05P
Rozenite? - 2.85P, 3.05P
Hexahydritel - 2.85P, 3.1b
Pickeringite? - 2,950, 3.1P
H,O- and OH-bearing
Hydronium jarosite? ~2.82 2.97, 3.12
Sideronatrite3 2.78, 2.943C 3.0°, 3.12¢
Ferricopiapite3 2.82 2.95P, 3.1b
Copiapite® 2,743, 2.82 2,950, 3.1P
Botryogen3 2.80, 2.89 2950, 3.1P
Fibroferrite3 2.782 2.95P, 3.1b

- 9.6°, 12.49, 17.2, 20.64
- 9.5¢, 12.684, 17.02, 20.4¢

- 8.7, 13.19, 16.4, 17.8, 20.5¢

6.04, 6.17, 6.58 11.8
5.95%, 6.11 12.0

6.11 12.5

6.06 13.3
5.92, 6.112, 6.18 -

6.13 19.3, 20.3
5.99-6.01 12.0

5.8%, 6.08, 6.2, 6.70° 12.0
6.032, 6.15 -

6.0%, 6.10 -

6.02, 6.59¢ 11.3
5972, 6.21 12.3, 175
5.8, 6.13, 6.86° 12.8
6.09, 6.16 -

6.05, 6.172 180
5.93%, 6.06, 6.162 13.2

6.02, 6.15 210

Note. Absorption bands that are not integral to the mineral (e.g., due to adsorbed water), but may be present in the spectra, have been omitted.

& Shoulder on a more intense absorption band, wavelength position approximate.

Broad band, wavelength position approximate.
Identity as H,O or OH band uncertain.

Band is likely an OH bending band (Ross, 1974).
Structure consists of isolated SO4 tetrahedra.
Structure consists of finite clusters of polyhedra.
Structure consists of infinite chains.

Structure consists of infinite sheets.

Structure consists of infinite framework.
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well with the calculated first order overtones of the observed
OH stretching fundamentals.

The H,O-bearing/OH-free sample spectra exhibit up to four
resolvable absorption bands in the H-O—H bending region near
6 pm (1670 cm~1) (Table 7). The first order H-O-H bend-
ing overtones and H-O-H stretching fundamentals occur in
the 2.9-3.1 um region. In this group, the 3 pm region is gen-
erally featureless and individual absorption bands are difficult
to recognize. In contrast to other minerals and mineral groups
(Milliken and Mustard, 2004, 2005), there is no strong corre-
lation between the depths of these absorption bands and H,O
content in our sulfate samples, although increasing H,O gen-
erally results in lower reflectance in this region. The 1.9 ym
region is characterized by one or more absorption bands (Ta-
ble 8), and the number of bands in this region closely follows
that of the 6 um region. In particular, minerals such as gypsum
and kieserite, whose spectra contain multiple and well-resolved

absorption bands in the 5.8-6.8 um (1470-1720 cm~1) region,
exhibit a greater number of bands in the 1.9 um region, which
can be attributed to v, + v1 and v, + v3 combinations.

The 1.8 um region of most of the sulfate minerals exhibits a
broad, shallow absorption feature and/or between one and three
narrow absorption bands (Fig. 1, Table 9). In gypsum, the band
at 1.75 um was assigned to combinations of OH/H,0O libra-
tions, bends and stretches (Hunt et al., 1971), while in alunite
the band at 1.775 pm was assigned to a combination of the OH
fundamental stretch with the first overtone of the AI-OH bend.
Subsequently, Clark et al. (1990) questioned the assignment of
the alunite band, as it is not seen in other AI-OH bearing miner-
als. Its appearance and shape in relation to sulfate composition
and longer wavelength bands allows us to place some con-
straints on its possible identity. No absorption feature is seen in
the 1.8 pm region of anhydrous (OH- and/or H,O-free) sulfate
spectra; a single broad and shallow band is generally present in
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Alunite: SPT129 (+0.2)

Natrojarosite: SPT108 (+0.1)

Jarosite; SPT115 (+0)
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Fig. 8. 1.4 um (a) and 3 pm (b) region spectra of some OH-bearing sulfates. Numbers in brackets indicate linear vertical offset applied to the spectra for clarity.

the HoO-bearing/OH-free spectra, while a single narrow (and
asymmetric) absorption band is seen in the OH-bearing/H,0-
free sample spectra. The H,O- and OH-bearing sample spectra
exhibit up to three absorption bands in this region.

The HyO-bearing sulfates generally exhibit an absorption
band in the 11-13 um (770-910 cm~1) region attributable to H-
O-H rotation (Ross, 1974) (Tables 6 and 7). In our reflectance
spectra, this feature is not always apparent, sometimes appear-
ing as an inflection on the short wavelength wing of a longer
wavelength v4 S-O bend. The second-order overtone of this
band, combined with the H-O-H stretching fundamental in the
3 um region (~3300 cm~1) will yield an absorption band in
the 1.8 um region. Such a feature is consistent with similar
bands attributable to OH combinations in the OH-bearing sul-
fates (e.g., Bishop and Murad, 2005).

The 1.4 um region is expected to exhibit absorption bands
attributable to H-O-H bending plus stretching bands, combina-
tions and overtones of the H,O stretching bands, and overtones

of the O-H stretch. As expected, this wavelength region shows
complex behavior. In some cases strong bands are expected
on the basis of high water content (e.g., romerite (SPT110),
voltaite (SPT111) amarantite (SPT112)) but are weak or absent
(Fig. 1). These spectrally anomalous samples may be the result
of dehydration, although spectra of water-bearing samples com-
mon to this study and Crowley et al. (2003) are very similar, in
spite of differences in sample preparation, storage, and spec-
tral acquisition methods. The amount of spectral detail in the
1.4 um region ranges from virtually non-existent (e.g., romerite
(SPT110)) to spectra showing a humber of well-resolved ab-
sorption features (e.g., gypsum (SPT127)) (Fig. 1). These dif-
ferences are attributable to variations in the number of distinct
crystallographic sites available to water molecules, as well as
the degree of hydrogen bonding (Buijs and Choppin, 1964;
Clark, 1981). Utilizing band positions in the 1.4, 1.9, and
6 um regions provides good discrimination of members of this

group.
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Table 8

Wavelength positions (in pm) of minima of H,O- and OH-associated absorption bands in the 1.4 and 1.9 um regions

Mineral OH stretching overtones

(1.4 um region)

H,O overtones/combinations
(1.4 um region)

H>O combinations
(1.9 pm region)

H,O- and OH-free
Anhydrite* -
Anglesite® -
Barite® -

OH-bearing
Jarosite?
Natrojarosite*
Alunite?

1.465-1.468, 1.51-1.52
1.477-1.48, 1.541-1.546
1.425, 1.46%, 1.467, 1.502

H»O-bearing
Kieserite® -
Szomolnokite® -
Voltaite® -
Rhomboclase? -
Gypsum?# -
Amarantite3 -
Coquimbite? -
Romerite? -
Rozenite? -
Hexahydritel -
Pickeringite? -

HoO- and OH-bearing
Hydronium jarosite?

Sideronatrite3 1.392, 1.475
Ferricopiapite3 -
Copiapite® 1.36
Botryogen3 1.39, 1.448
Fibroferrite3 137, 1.432

1.461, 1.532 1.974, 2.06°, 2.13P
- 1.98P
1.456 1.939, 2.011
~1.58P 2.02, 2.072
1.398, 1.449, 1.488, 1.534 1.944, 1,97
1.44P, 1.48° 1.941, 1.978
1.412,1.48% 1.911, 1.984
- 2.0
1.450, 1.52 1.95, 1.98
1.441, 1.462 1.938, 1.972
1.442 1.942, 2,052
- 1.93P
1.418, 1.434, 1.552 1.867, 1.918, 1.990
1.453, 1.59 1.943, 1.982
1.452, 1.48 1.940, 2.0
1.474 1.932, 1.962
1.490 1.934

Note. Absorption bands that are not integral to the mineral (e.g., due to adsorbed water), but may be present in the spectra, have been omitted.

& Shoulder on a more intense absorption band, wavelength position approximate.

Broad band, wavelength position approximate.
Identity as H,O band uncertain.

Structure consists of isolated SO4 tetrahedra.
Structure consists of finite clusters of polyhedra.
Structure consists of infinite chains.

Structure consists of infinite sheets.

Structure consists of infinite framework.
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The spectra of the OH- and H,O-bearing group are more
difficult to analyze because spectral contributions from both
OH and H,0 are expected. All of the spectra in this group
have some features in common. All exhibit two or more H-
O-H bending fundamentals in the 6 um region (Table 7). All
show some structure in the 3 um region, consistent with con-
tributions from both OH and H,O. Assignments in the 3 pm
region are made largely on the basis of comparisons to the OH-
or H,O-bearing samples described above. Because minerals in
this group have lower OH:SOq4 ratios per unit cell than the OH-
bearing group (Table 1), OH-associated absorption bands in the
1.4 um region are weaker and often poorly resolved. In all cases,
the 1.4 um region exhibits at least two partially resolvable ab-
sorption features, attributable to OH and H,0.

While some absorption band assignments for this latter
group are tentative, measurable differences exist between all the
sulfates included in this study. Restricting ourselves to OH- and
H,0-associated absorption bands for the moment, absorption
band positions in the 1.4, 1.9, and 6 pm regions, in particular,

are useful for discriminating different sulfates. The 3 um re-
gion, which can contain contributions from both OH and H,0,
is generally less diagnostic.

5.4. Christiansen feature and Restrahlen band

Sulfate reflectance spectra can exhibit a region of low re-
flectance (high emittance) near 8 pm (1250 cm~1), termed the
Christiansen feature. This reflectance minimum occurs where
the real part of the index of refraction approaches that of the
surrounding medium, resulting in minimal scattering (Conel,
1969; Salisbury, 1993). The Christiansen feature generally oc-
curs at slightly shorter wavelengths than the fundamental mole-
cular vibration, and its wavelength position varies for different
sulfates (Bishop and Murad, 1996). Sulfate reflectance spec-
tra may also exhibit a region of high reflectance near 9 um
(1100 cm~1), termed a Restrahlen peak. This peak arises from
strong mirror-like first surface reflections from mineral grains
in regions of high absorbance (Salisbury, 1993). In sulfates,
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Table 9

Wavelength positions of minima of absorption bands in the 1.62-1.87 pm
and 2.0-2.7 um regions that are attributable to combinations of OH- or H,O-
bending, stretching, and rotational fundamentals or S-O bending overtones

Table 10
Wavelength positions of minima or maxima, as appropriate, for resolvable
Christiansen features and Restrahlen peaks in sulfate spectra

Mineral Christiansen feature Restrahlen peak
Mineral Absorption band minimum wavelength position (um) (um) (um)
1.7-1.8 umregion 2.0-2.7 um region Unconnected SO4 groups
H,0- and OH-free Hexahydrite 7.92 8.480
Anhydrite? - - Finite clusters of polyhedra
Anglesite® - - Romerite 7.93 8.20°
Barite® - - Pickeringite 7.85 8.03¢
OH-bearing Rozepite _ 8.25 8.6OE
Jarosite? 1.84-1.85 2.08"A, 2.21B, 2,278, 2.30€, Cogquimbite 8.02 8.32
2'41;’ 2.46C, 2,518, 25908, Infinite chains
Natrojarosite? 185-1.86 56704, 22308 2278, 2,300, Eioroferrite 790 8.30°
2.42C, 2.46C, 2.528, 2.61B ideronatrite 7.91 8.12b
Alunite? 1777 207°D, 2168, 2.188, 2218, Botryogen 98 817
2.32C, 2.40°C, 2.42C, 2.488B, Copiapite 787 795
2518, 2,568, 2.68E Ferrlcopl.aplte 7.92 8.32
Amarantite 8.30% 8.6b¢C
H,O-bearing .
Kieserite® 1.75¢ 2.13°F 2.420.C, 2558 Infinite sheets
Szomolnokite® - 2.10¢F, 2.412bC 2 55B Alunite 760 7.80
5 c bB Jarosite 8.0¢ 8.070¢
\oltaite 1.8 2.55 .
Rhomboclase? 1.88b 2.459C 25808 EatdrOJalfosne_z " ;'28_8'0 2'85_8'20
Gypsum? 1.751,1.78 217°,2.220 2.28%, 2434, R oSt o o 400
Amarantite3 1.78%0 g:ggbBZ.SS Gypsum 7.95 8'42
Coquimbite2 17580 2.1bF 25508 Anhydrite .75 8.2
Romerite? 1.753b 2.10F, 2.40C, 2.608 Infinite frameworks
Rozenite? 1752 2.440C 2538 Kieserite 7.83¢ 7.940¢
Hexahydrite! 1.752 2.459C 254b.B Szomolnokite 7.90 g.15b¢
Pickeringite? 1.75%0 2.1bF 2550B Voltaite 7.02 8.450.¢
H,0- and OH-bearing Barite 7.87 8.11';
Anglesite 8.05 8.30°¢

2.280’8 2‘45&1,b,C 2_6a,b,B
2.00A, 2.15DA 2.18A 2.24DA
2.288, 2.36C, 2.43PA 2.460.C,
2,508, 2.60A, 2.682P.E

Hydronium jarosite* —

Sideronatrite3 1.7482,1.8032

Ferricopiapite3 1.78ab 2.41PA 2.46PB 2 550B
Copiapite3 1.782 2.420A 24798 2538
Botryogen3 17512, 18112 2.280B 243bA 2548
Fibroferrite3 1.782 2.402bA 2 47808 5 55bB

@ Weak band, wavelength position approximate.
b Shoulder on a more intense absorption band, wavelength position approxi-

mate.
¢ Broad band, wavelength position approximate.

Structure consists of isolated SOy tetrahedra.

Structure consists of finite clusters of polyhedra.

Structure consists of infinite chains.

Structure consists of infinite sheets.

Structure consists of infinite framework.

313 S-0.

VOH/H,0 T ¥ /30H/H,0-

3vz S-0 or OH/H, O combinations and/or overtones.

3 um region vop, o stretch + 12 um region OH/H, O rotation.

OO0 W>»obswN -

E3 pm region VOH/H,0 stretch + unspecified “lattice modes” near or beyond
25 pum.
F 3 um region vy or v3 HpO stretch + 12 pm region H, O rotation.

it occurs in the region of the sulfate-anion stretching funda-
mental near 9 um (1100 cm~1). The appearance of both the
Christiansen feature and Restrahlen peak are very sensitive to
grain size (e.g., Hanel et al., 1970; Salisbury and Walter, 1989)

Note. Samples have been sorted by structural groups.
@ Broad band, wavelength position approximate.
b Not the highest peak in the 8-10 um region.
¢ Weak band.

and other factors, such as cementation (Cooper and Mustard,
2002).

Cooper and Mustard (2002) noted the presence of a Chris-
tiansen feature and Restrahlen band in reflectance spectra of
MgSQO, cements. In the current spectral suite (all <45 pm
size powders), clearly defined Christiansen features and Re-
strahlen bands are present in approximately half of the spec-
tra. In the remaining cases, either an absorption feature in the
8 um (1250 cm™1) region is not the band with the lowest re-
flectance and/or the Restrahlen band is not the most prominent
reflectance peak. Wavelength positions for these features for the
current spectral suite are summarized in Table 10. There is no
systematic trend to the data in terms of structural types, and
given the various factors that can affect these features (Conel,
1969; Mustard and Hays, 1997), its utility for remote sensing
applications may be limited.

5.5. SO4 fundamental stretching and bending

The soﬁ— group in sulfates can exhibit four infrared-active
vibrational modes: an A; symmetric stretch (v1), an E sym-
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metric bend (v2), an F asymmetric bend (v3), and an F sym-
metric bend (v4) (Ross, 1974; Minenyi, 2000). These absorp-
tion bands generally occur in the following intervals: vy at
9.6-10.4 um (960-1040 cm~1) (normally one or two bands);
Vo at 19-24 um (420-525 cm~1) (normally one or two bands);
vz at 7.8-10.4 pm (960-1280 cm~1) (normally between two
and four bands); and v at 13-18 pm (550-770 cm~1) (nor-
mally between two and four bands) (Ross, 1974; Brady et al.,
1986; Bigham et al., 1994). These assignments are consistent
for a large number of sulfates (e.g., Omori and Kerr, 1963;
Hovis, 1966; Townsend, 1987; Bigham et al., 1990, 1994;
Roush, 1996; Bishop and Murad, 2005). Combinations and
overtones of these bands are most prominent in the 4-5 um re-
gion (Khanna et al., 1988; Cooper and Mustard, 2002). Once
again, the appearance of these bands is sensitive to factors such
as grain size (e.g., Hanel et al., 1970; Salisbury and Walter,
1989).

Multiple fundamental absorption bands can occur if the sym-
metry of an SO4 group is distorted, leading to differences
in S-O bond lengths and consequent energy-level splitting
(Hass and Sutherland, 1956; Adler and Kerr, 1965; Ross, 1974;
Powers et al., 1975; Bigham et al., 1994; Lane and Christensen,
1998). In addition, the types of cations that may be present, and
the nature of any hydrogen bonding, can shift the position of
these bands (Freedman and Straughan, 1971). There seems to
be no strong correlation between positions of these bands and
cation type (Minenyi, 2000), or with the presence or absence of
OH/H,0 and additional anions (Lane, 2004).

Transmission spectral studies indicate that the vy symmet-
ric stretch is weak in almost all sulfate spectra (e.g., Ross,
1974). The v, symmetric bends are also generally weak. This
is due to the fact that these modes are normally infrared inac-
tive. The strongest absorption bands are those associated with
the v3 asymmetric bend and the v4 symmetric stretch. Emis-
sion spectra of a number of sulfates (Lane, 2004; Lane et al.,
2004; Bishop et al., 2005a) show a variety of spectral forms.
Anhydrous-sulfate spectra are dominated by vz and v4 S-O
bands. Anhydrous sulfates with additional anions, hydrous sul-
fates, and hydrous sulfates with additional anions generally ex-
hibit shallower v4 S—-O bands compared to the v3 S—O bands.

5.5.1. The v3 bending region: 7.8-10.4 ym

The 7.8-10.4 pm region of all the sulfate spectra exhibits at
least two resolvable absorption bands (Table 11). The appear-
ance of absorption features in this region ranges from a series
of narrow and well-resolved absorption bands (e.g., coquim-
bite, jarosite) to highly overlapped absorption bands, resulting
in a region of overall low reflectance with little or no spec-
tral structure (e.qg., fibroferrite, amarantite) (Fig. 9). The number
and wavelength positions of these bands have no apparent cor-
relation with structural group or composition, such as the type
of major cations, or the presence or absence of H,O or OH.

5.5.2. The vy stretching region: 9.6-10.4 um (960-1040 cm—1)

Assigning absorption bands to this mechanism is compli-
cated by the fact that v; SO bands are generally weak and
may overlap the region occupied by v3 bending vibrations. The

v1 bands are generally narrower than vs bands, and a number
of the spectra show no clear evidence for absorption bands in
this wavelength region. Possible v; SO bands are listed in Ta-
ble 12. Band assignments generally agree with those of Ross
(1974). In general, v1 bands are absent or weakest in the sulfates
composed of infinite chains and are strongest in the anhydrous
samples.

5.5.3. The v4 bending region: 13-18 pm (550-770 cm~—1)

Absorption bands in this wavelength region range from a
series of narrow, well-resolved bands to a broad unresolved fea-
ture, likely due to overlapping bands. The wavelength position
of the shortest wavelength absorption band in this region gen-
erally increases as the structure becomes more condensed, pro-
ceeding from isolated SO4 groups to infinite frameworks, how-
ever a more precise correlation could not be derived (Table 11).
Absorption bands also generally become better resolved as the
structure becomes more complex: the most well-resolved ab-
sorption bands in this region are found for the infinite sheet
and infinite framework and anhydrous species (Fig. 10). Species
that contain different cations, but which are otherwise composi-
tionally and structurally identical (e.g., barite versus anglesite,
jarosite versus natrojarosite), as well as hydrous versus anhy-
drous, but otherwise compositionally identical species (e.g.,
anhydrite versus gypsum), exhibit measurable differences in
band position (Table 11). No systematic variations were found
between band position and compositional or structural parame-
ters. These general observations are consistent with those found
by other investigators (e.g., Lane, 2004).

5.5.4. The v, bending region: 19-24 um (420-525 cm—1)

The 19-24 um (420-525 cm~1) region is expected to exhibit
absorption bands attributable to v, bending vibrations. In trans-
mission spectra, these absorption bands are frequently weak
and poorly resolved (Ross, 1974). Possible v, absorption band
assignments have been compiled in Table 12. These assign-
ments draw heavily on previous studies (Ross, 1974) because
the shapes of presumed v, bands are very variable and most are
expected to be weak. From the limited data and uncertainties in
assignment, no useful conclusions can be drawn on the utility
of these bands for spectral characterization and discrimination
of sulfates.

5.5.5. SO4 overtone and combination bands: 4-5 pm
(2000-2500 cm~1) region

All of the sulfate spectra exhibit absorption features in the
4-5 um (2000-2500 cm~1) region that are attributable to first-
order overtones and combinations of the vz absorptions in the
7.8-10.4 um (960-1280 cm~1) region. The overall shapes, and
number of bands in the 4-5 pm region follows that of the 7.8—
10.4 um region (Fig. 11). These features range from a barely
discernible broad region of absorption (e.g., amarantite, rhom-
boclase) to intense and well-resolved absorption bands (e.g.,
anhydrite, jarosite). Wavelength positions of absorption bands
in this wavelength region are provided in Table 13. There is
enough variability in absorption band positions in this wave-



Table 11

Wavelength positions (in um) of minima of v3 and v4 SO4-associated fundamental absorption bands in the 7.8-10.4 and 13-18 um regions, respectively

Sulfate reflectance spectra

Mineral

v3 SO4 bend (7.8-10.4 um region)

v4 SO4 bend (13-18 pum region)

Unconnected SO4 groups

Hexahydrite

Finite clusters of polyhedra

Romerite®
Pickeringite
Rozenite
Coquimbite®

Infinite chains
Fibroferrite
Sideronatrite

Botryogen
Copiapite®
Ferricopiapite
Amarantite

Infinite sheets
Alunite
Jarosite®
Natrojarosite®
Hydronium jarosite
Rhomboclase
Gypsum
Anhydrite

Infinite frameworks
Kieserite
Szomolnokite
\oltaite
Barite
Anglesite

8.3%,8.9%0 g.2ab ggb

7.85-7.95, 8.67, 8.9P, 9.3P 10.1P:C
8.2b,8.6%P 9.1,10.1, 10.42
8.25,8.78, 9.3

8.45% 8.7-8.8,9.5%, 9.75-9.859, 10.55

8.45,9.1P 9.6 9.gab

8.27,8.4%, 852, 8.7%, 8.8, 8.91

9.1, 9,58, 9.8%, 9.68, 9.97%, 10.45
8.37,8.7%,9.25, 9.5, 9.85

8.07, 8.47, 8.75¢, 9.25%, 9.7, 9.8

8.45P, 8.55P, 9.20, 9.852, 10.082, 10.22
8.3, 8.9 9.2bc 97

8.10, 8.65, 9.22, 9.40, 10.15¢, 10.6°
8.0, 8.5-8.6,9.12, 9.4, 10.1-10.2
7.95, 8.55, 9.2, 9.4, 10.0-10.1
8.402, 8.65,9.1°, 9.52, 9.6, 9.8
8.62, 9.48, 10.3°

8.78,9.20

8.6, 8.9%,9.15, 9.5P, 10.25¢, 10.5P¢

8.23,8.35%, 8.654, 8.853, 9.03, 9.11, 9.252, 9,57, 9.952

8.6P, 9.0, 9.2b

8.6b‘c 9_1b,c 9I4b,C

8.202, 8.36, 9.252, 9.46, 10.42
8.04, 8.52, 9.90°

14.4° 15.42 17.10 18.0

15.0, 15.95, 16.4-16.6, 17.6°, 18.0-18.2
14.6-14.8", 15.4-15.6, 15.7-15.82, 16.0, 16.4
13.78,14.6, 15.0

14.2-14.5,14.7-14.9, 16.2-16.3, 16.6%, 17.3-17.4

14.6, 15.62P 165, 16.82P
14.8%15.2, 16.0, 16.4, 16.9, 17.8%

14.4,15.9, 16.92, 17.7

14.7°, 15,6, 16.0, 16.52, 17.28
15.08P, 15.8, 16.6%, 17.42
14.42, 14.8, 15.28

15.3,16.3, 17.4
14.6-14.7, 16.2, 16.5-16.62

14.4-14.5, 16.0-16.1, 16.7-16.8

14.4, 14.8?, 15.2, 16.0°, 17.02

14.8, 15.8, 16.5, 17.4

14.29, 1522 159-16.19, 17.4P, 17.82

14.1-14.39, 14.9-15.12, 15.8-16.1, 16.4-16.6, 16.9-17.0

14.7,14.98, 15.2%, 15.72, 15.9
14,52, 15,0, 15.9, 16.5, 17.7°
15.1, 15.8, 16.8

14.38b 153 159 167, 17.92
15.12, 155, 16.2, 17.1

Note. Some bands may overlap or duplicate the Christiansen bands listed in Table 10. The most well-resolved and intense absorption bands are indicated in bold

face type.

& Shoulder on a more intense absorption band, wavelength position approximate.

b Broad band, wavelength position approximate.

¢ Weak band.

d Asymmetric absorption feature, may be composed of overlapping bands.
€ Band shapes vary for different spectra of this mineral.

Jarosite: SPT115 (+0.12)

Amarantite: SPT112 (+0.11)
Fibroferrite: SPT121 (+0.05)
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0.40 ¢
I v33-O
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© 030 ¥
Q E
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3015 &
3 ¥ V50 vaS-0
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Fig. 9. S-O v3 bending region (7-10 pum) spectra of selected sulfates. Numbers in brackets indicate linear vertical offset applied to the spectra for clarity.
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Table 12
Wavelength positions (in um) of minima of v1 and vy SOg4-associated funda-
mental absorption bands in the 9.6-10.4 and 19-24 pum regions, respectively

Table 13
Wavelength positions of minima of SO4-associated overtone and combination
absorption bands in the 3.8-5.2 um region

Mineral v1 SOy stretch vp SO4 bend
(9.6-10.4 pm (19-24 pm region)
region)

Unconnected SO4 groups

Hexahydrite 10.02 23.42
Finite clusters of polyhedra
Romerite® 9.82 23.1,24.0
Pickeringite 9.57 23.4b
Rozenite 10.11 23.79
Coquimbite® 9.8d 19.9-20.40, 22.3-22.5P
Infinite chains
Fibroferrite - -9
Sideronatrite 10.1° 21.00, 23.2P
Botryogen 10.2&¢ 24.19
Copiapite® - 21.1,23.59
Ferricopiapite - 23.59
Amarantite - 20.3F, 21.0, 24.5°

Infinite sheets

Alunite 9.78d 20.5,22.2,235
Jarosite® 9.92 20.5—20.6h, 22.3,23.5,24.2
Natrojarosite® 9.90 20.4",22.3
Hydronium jarosite  10.0d 23.7°
Rhomboclase 9.74 23.1,23.79
Gypsum 9.97 23.3,24.1
Anhydrite 9.88 19.6

Infinite frameworks
Kieserite 9.784 22.6, 24.09
Szomolnokite 9.82 234
oltaite 9.87d 23.5,24.0
Barite 10.18 21.2
Anglesite 10.33 21.6,229

& Shoulder on a more intense absorption band, wavelength position approxi-
mate.

b Broad band, wavelength position approximate.

¢ Weak band.

d Assignment to v, uncertain; may be a v3 SO4 absorption feature.

€ Additional band detected in transmission spectra (Ross, 1974) could not be
reliably located in reflectance spectrum.

f Band detected in transmission spectra (Ross, 1974) could not be reliably
located in reflectance spectrum.

9 Multiple absorption bands or only weak bands present in 20-25 um region,
consequently reliable assignment to vy could not be made.

P May be OH bending band (Ross, 1974).

length region to allow a number of sulfate minerals to be dis-
criminated.

5.6. 2.1-2.7 um region

The 2.1-2.7 um region of the sulfate spectra exhibits a di-
versity of spectral types with variable humbers of resolvable
absorption bands (Table 9). Various band assignments have
been proposed for a few sulfate minerals in this wavelength
region (e.g., Hunt et al., 1971; Clark et al., 1990). Examina-
tion of the full spectral data set and previous investigations
(e.g., Bishop and Murad, 2005) suggest that absorption bands
in this region may be attributable to multiple causes, primarily

Mineral Absorption band minimum wavelength positions (um)

Isolated SO4 clusters

Hexahydrite

Romerite
Pickeringite
Rozenite
Coquimbite

Infinite chains

Fibroferrite
Sideronatrite

Botryogen
Copiapite
Ferricopiapite
Amarantite

Infinite sheets

Alunite

Jarosite
Natrojarosite
Hydronium jarosite
Rhomboclase
Gypsum

Anhydrite

Infinite frameworks

Kieserite
Szomolnokite
\oltaite
Barite

Anglesite

4.46P, 4.60°, 4.8°, 5.08P

Finite clusters of polyhedra

4.23%,4.32°, 4,502, 4.58C, 4.80¢, 4.92C

4.0¢, 4.830

4.208, 4.30% 4.38°, 4.46°, 4.68, 4.80P, 4.92P
3.870, 4.0, 4.502, 4,752, 4.92

4.28P,4.450 4.7 4.9 5.00

4.03,4.10, 4.17, 4.26%, 4.32, 4.4123, 4.462, 4.49, 4.55,
4.68, 4.74%, 4.83, 4.88, 4.93, 4.98, 5.03, 5.08?

4.27°, 4.46°, 4,59 4.65P, 4.832, 5,032

4.1, 4.45¢, 4.6, 4.93° 5,022

416,45, 4.88°

4.1-5.0¢

4.15%, 4,282, 4.36, 4.432, 4.50, 4.55%, 4.60, 4.672,
4.73,4.81,4.872

3.98, 4.30, 4.59, 4.75, 4.81, 4.95, 5.10

4.00,4.31, 4.56, 4.63%, 4.69, 4.72, 4.78, 4.89, 5.03
4500, 4.70P, 4,942, 5.01, 5.082, 5.152

4.1-5.0°

4.33%, 4.46, 4532, 4.672,4.73, 4.98

4.20%, 4,282, 4.34, 4.38%, 4.47, 4.552, 4.602, 4.682,
4.70, 4.93

4.25%, 4,408, 4.46%, 4.53, 4.68, 4.81,4.952

4.32, 450%C, 4.58%, 4.70, 4.82P, 4.94%, 5.00°
4.0-5.0°

4.268,4.29, 4.382, 4.46%, 4.56, 4.62, 4.68, 4.718,
4.78, 4.84,4.89,5.10

4.3%,4.73,4.97,5.16

& Shoulder on a more intense absorption band, wavelength position approxi-
mate.

b Broad, weak band, wavelength position approximate.

¢ Broad band (may consist of multiple overlapped bands, wavelength position
approximate).

S-0 vibrational overtones, as well as H-O-H/O-H combina-
tions and overtones. Detailed spectra of some sulfates that ex-
hibit absorption bands in the 2.1-2.7 um region are shown in
Fig. 12. Resonances and other perturbations of the fundamental
absorption bands in sulfates complicate definitive assignments
of combination and overtone bands (Breitinger et al., 1999;
Bishop and Murad, 2005).

This wavelength region is essentially featureless for the an-
hydrous species. The HyO-bearing sample spectra all exhibit
an absorption band near 2.55 um. The intensity of this band de-
creases when sulfate-bearing samples are measured under low
atmospheric pressure (Bishop and Pieters, 1995), when hydrous
sulfates are heated (Hunt et al., 1971), and with decreasing
H,O content (Dalton, 2003), suggesting that it is related to
OH/H,0 content. A comparable absorption band is present in
water spectra (Bayly et al., 1963) and has been assigned to a
combination of the H,O asymmetric stretch (v3) and rotational
(vp) fundamental that occurs near 20 um (Bayly et al., 1963).
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Alunite: SPT129 (+0.85)

Szomolnokite: SPT144 (+0.80)
Natrojarosite: SPT108 (+0.70)
Jarosite: SPT115 (+0.60)

Barite: SPT146 (+0.20)

Anglesite: SPT145 (+0.10)

Anhydrite: PIG002 (+0)

Gypsum: SPT127 (+0)
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Fig. 10. S-O v4 bending region (13-18 um) spectra of selected sulfates. Numbers in brackets indicate linear vertical offset applied to the spectra for clarity. Vertical

bars indicate positions of S-O v4 absorptions.
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Fig. 11. S-O overtone/combination region (4-5.3 um) spectra of selected sulfates. Numbers in brackets indicate linear vertical offset applied to the spectra for

clarity. Vertical bars indicate location of absorption bands.

In sulfates, this band was assigned to a combination of low fre-
quency rotational/translational OH/H,O lattice modes located
near 20 um (500 cm—1) and OH stretching fundamentals near
2.86 um (Huntet al., 1971; Bishop and Murad, 2005). All of the
H,O- and OH-bearing sulfate spectra exhibit some evidence of
an absorption feature in the 20 um (500 cm—1) region, suggest-
ing that this assignment is correct.

Some of the HyO-bearing spectra (particularly szomol-
nokite, kieserite, coquimbite, and romerite) exhibit a generally
weak and broad absorption band near 2.1 um (Fig. 12, Table 9).
The appearance of this band correlates with the appearance of
the H-O-H rotational absorption band near 12 pm (830 cm™1).
It is assigned to a combination of the vz H,O stretching funda-
mental in the 3 um region plus the H,O rotation band located
near 12 um (830 cm~1) consistent with the appearance of a sim-
ilar band in OH-bearing sulfates (Bishop and Murad, 2005). It

should be noted however that the assignment of the 12 um band
is not well constrained in some cases (Ross, 1974).

A number of the OH- and/or H,O-bearing spectra also ex-
hibit additional absorption bands in the 2.1-2.7 um region.
Bands in this region can be assigned to a number of mech-
anisms, including von or vh,o stretches in the 3 pm region
plus various OH/H, O translations/rotations, or overtones of S—
O stretches (Bishop and Murad, 2005) (Table 9). Some of these
assignments are at odds with previous assignments. For exam-
ple, Hunt et al. (1971) assigned a group of bands located be-
tween 2.2 and 2.27 um in gypsum to combinations of stretching
and rotational/translational HoO fundamentals and overtones,
whereas we assign these features to S—O bending overtones, as
the fundamental S—-O bands are particularly intense and located
at the expected wavelength positions to account for the 2.17,
2.22, and 2.28 pm bands. For alunite, Hunt et al. (1971) as-
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Fig. 12. 1.8-2.7 um region spectra of selected sulfates. (a) HoO-bearing samples; (b) OH-bearing samples; (c) HoO- and OH-bearing samples. Numbers in brackets
indicate linear vertical offset applied to the spectra for clarity. Dashed lines: OH- or H,O-related absorption bands; solid lines: SO related absorption bands. See
Table 9 for details.
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signed the absorption band at 2.33 um to a combination of the
fundamental Al-O-H bend (located near 9.52 pm (1050 cm—1))
and the lowest frequency OH stretching fundamental, whereas
our assignment is more general (von stretch plus y OH out-of-
plane bend) and in agreement with Bishop and Murad (2005).
For jarosite, Clark et al. (1990) assigned the absorption band
near 2.27 ym to a combination of an OH stretch and Fe-OH
bend; our assignment involves a voy stretch plus a y OH out-
of-plane bend (Bishop and Murad, 2005).

The OH- and H,O-bearing sulfates exhibit behavior in the
2.1-2.7 um region consistent with OH-bearing samples, H,O-
bearing samples, or a combination of both (Table 9). In general,
we see that HoO-bearing/OH-free sulfates exhibit broad, weak
absorptions in the 2.1-2.7 pm region, largely attributable to
H,0 combinations/overtones, or S—O stretching overtones. In
the case of OH-bearing/H,O-free sulfates, absorption bands in
this region are more numerous and are largely attributable to
OH combinations/overtones or S—O bending overtones (Bishop
and Murad, 2005). For OH- and H,O-bearing sulfates, the ap-
pearance of both H,O- and OH-associated absorption bands,
as well as S-O bending overtones is possible. In general, OH-
associated absorption bands are deeper and narrower than H,O-
associated absorption bands.

5.7. Additional absorption bands: 20-25 pm (400-500 cm—1)

In addition to the absorption bands identified in the 20—
25 pm (400-500 cm~1) region attributable to v, S-O bend-
ing and OH/H,O rotational vibrations, most of the sulfate re-
flectance spectra exhibit additional absorption bands in this
wavelength region for which assignments are unknown or un-
certain. Possible assignments include M—OH stretches, addi-
tional v, S-O bending, or OH translations (Powers et al., 1975;
Ross, 1974). In this wavelength region, small changes in activa-
tion energy due to even slight changes in structure will translate
into large changes in band wavelength position. The current
data do not provide any reliable insights into the causes of these
absorption bands. As an example of this uncertainty, an ab-
sorption band near 19.5 pm (515 cm~1) in jarosite is variously
assigned to an M—OH bend (Ross, 1974) or an [FeO]g vibration
(Powers et al., 1975).

6. Discussion

The current sulfate sample suite is sufficiently diverse to
provide insights into some of the causes of spectral variabil-
ity within the sulfate group. The effects of cation substitutions,
changes in H,O content, variability for a single mineral, and
spectrum-altering effects of accessory phases can all be ad-
dressed with this sample suite.

6.1. Spectral variability
Our ability to discriminate individual absorption bands

varies as a function of many factors, including changes in adja-
cent band depths. As an example of the effects of overlapping

absorption bands, Dalton (2003) measured the reflectance spec-
tra of a series of progressively hydrated magnesium sulfates
(MgSO4-nH0, where n varies from 0 to 7). The 0.95, 1.2,
and 1.4-1.5 pm regions all seem to exhibit the same num-
ber of absorption bands, although as water content increases,
individual bands become less resolvable, gradually merging
into broader regions of low reflectance and decreasing spec-
tral structure. A well-resolved absorption feature near 2.39 pm
in the H,O-poor sample spectra gradually transforms into an
inflection point on the short wavelength wing of the major H,O
absorption band located near 2.9 pm as H,O content increases.
These spectral changes cannot be related solely to variations in
H,O content because all these structures are different, varying
from a framework (n = 0) to unconnected polyhedra (n =6, 7).

Jarosite and natrojarosite reflectance spectra measured by
other investigators (e.g., Townsend, 1987; Clark et al., 1990;
Grove et al., 1992; Morris et al., 2000; Bishop and Murad,
2005) are broadly consistent with the current results. However,
differences often exist, particularly in terms of the widths and
depths of the various absorption bands. These differences are
likely due to factors such as purity of the samples, grain size,
and degree of crystallinity, as well as the effect of Na and K
substitutions.

6.2. Effect of cation substitutions

Isomorphous substitutions are common in sulfate miner-
als. In the current sample suite, the spectrum-altering effects
of cation substitutions can be assessed by comparing barite
to anglesite (Ba-Pb substitution), alunite to jarosite (Al-Fe3+
substitution), jarosite to natrojarosite to hydronium jarosite (K-
Na-H3O substitution), copiapite to ferricopiapite (Fe?+—-Fe3t
substitution), and kieserite to szomolnokite (Mg-Fe®* substi-
tution). In the case of barite—anglesite—anhydrite, the presence
of the smaller Ca cation as opposed to Ba in barite and Pb in
anglesite, results in a structural change.

6.2.1. Barite—anglesite—anhydrite

For barite versus anglesite, the presence of Ba or Pb in these
anhydrous sulfates results in changes in unit cell dimensions
but not structure (Hawthorne et al., 2000). Spectrally, these dif-
ferences are manifested as differences of up to 400 nm in the
positions of the S—O fundamental bending and stretching, and
overtone and combination bands and variations in the number
of resolvable absorption bands (Tables 11-13). The spectral
differences are related to changes in S—O bond lengths due
to differences in cation size and charge density. For barite—
anglesite—anhydrite, anhydrite is not isostructural with barite or
anglesite, due to the smaller size of the Ca cation. This results
in changes in wavelength positions of all the S-O bands, as ex-
pected (Tables 11-13, Figs. 2-3).

6.2.2. Jarosite—natrojarosite

The jarosite—natrojarosite series includes six samples in the
current study, allowing a detailed view of K—Na substitution.
The NayO:K70 ratios for the samples range from 0.03 to 7.55
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(Table 2). Spectrally, there are a number of differences be-
tween the two compositional clusters: (1) the OH bands in
the 1.4 um region occur at longer wavelengths in natrojarosite
(1.477-1.48 and 1.541-1.546 um) than in jarosite (1.465-1.468
and 1.51-1.52 um) (Table 8); (2) the OH combination bands
in the 1.8 um region occur at longer wavelengths in natro-
jarosite (1.85-1.86 pm) than jarosite (1.84-1.85 um) (Table 9);
and (3) there are differences in the wavelength positions of the
major S—-O fundamental bands (Tables 11-13). Some of these
variations are not gradual, as in some cases, only the most
Na-rich (SPT108) exhibits band positions different from other
jarosite/natrojarosite spectra. Shifts in absorption band wave-
length positions due to K—Na substitutions were also noted by
Bishop and Murad (2005).

6.2.3. Jarosite-natrojarosite—hydronium jarosite

The relation of jarosite and natrojarosite to hydronium
jarosite is more difficult to assess because absorption bands
in the hydronium jarosite spectrum are generally broad and
weak, and only a single sample of this mineral was included
in the study. The major differences include: (1) the 0.9 um
region Fe3* absorption band occurs at shorter wavelength in
the hydronium jarosite (0.895 um) than jarosite—natrojarosite
(0.914-0.922 ym) (Table 3); and (2) the major v4 S—O bands oc-
cur at different wavelengths (14.4 pm (695 cm~1) and 17.0 um
(590 cm~1) versus 14.4-14.7 um (695-690 cm~1) and 16.5-
16.8 pm (594-606 cm~1)) (Table 11).

6.2.4. Alunite—jarosite

While Al-Fe3* solid solution is possible for alunite—jarosite,
naturally occurring minerals show little variation from the end
members (Brophy et al., 1962; Stoffregen et al., 2000). The
presence of Al in alunite versus Fe3* in jarosite results in
numerous spectral differences, many of which have been dis-
cussed above. These include the absence of Fe3* absorption
bands in the alunite spectrum, and differences in the wavelength
positions of OH and SO absorption bands (Tables 7-9, 11-13).
These results clearly illustrate how cation substitution can affect
a wide range of spectral properties, including the appearance of
absorption bands associated with molecular groups adjacent to
the substituted cations. Spectral variations, in this case, are due
solely to variations in bond lengths as opposed to structural re-
arrangements.

6.2.5. Copiapite—ferricopiapite

Partial substitution of Fe?* by Fe3* and structural vacan-
cies distinguish copiapite from ferricopiapite. Six samples in
this group are available for comparison. Spectrally, these two
minerals show few differences: Fe3* band depths are generally
shallower in copiapite but their wavelength positions are simi-
lar. SO and H20 overtone and fundamental bands positions are
essentially identical across the entire spectral range. Thus, there
is no consistent spectral variability that can be used to reliably
distinguish between these two minerals, as Fe3+ band depth can
be affected by accessory phases and other variables.

6.2.6. Kieserite—szomolnokite

These two minerals are both framework sulfates with the
same space group and differ (ideally) only in terms of ma-
jor cation: Mg in kieserite and Fe?t in szomolnokite. Spec-
trally, this cation substitution results in changes in the positions
of the S-O bending and stretching fundamentals and over-
tone/combinations (Tables 11-13). Spectral differences below
3 um may be attributable, at least in part, to the presence of
accessory phases and other cations.

Based on these results, the effect of cation substitution is dif-
ferent in each case examined. Spectral differences range from
minor (copiapite—ferricopiapite), where spectral differences are
nearly absent, to major (alunite versus jarosite), where the
wavelength position of nearly every absorption band is affected.

6.3. Effect of H,O

The effect of H,O content on sulfate spectra was examined
by Dalton (2003) as discussed above. The current sample suite
includes additional sample pairs that differ in terms of water
content: gypsum-anhydrite, kieserite—hexahydrite.

6.3.1. Gypsum-anhydrite

These two minerals are composed of identical infinite
tetrahedral-octahedral sheets, with gypsum containing H,O
molecules between adjacent sheets. The presence of H,O in
gypsum results in an interlayer structure different from that of
anhydrite (Hawthorne et al., 2000) and leads to the appearance
of H,O-associated absorption bands. The presence of H,0 also
causes changes in the wavelength positions of the major S-O
absorption bands in the 8-17 pm (590-1250 cm~1) region, as
well as their combinations and overtones in the 4-5 pm region
(Tables 11-13). This arises from the influence of adjacent H,O
molecules on S-O bond lengths.

6.3.2. Kieserite—hexahydrite

Kieserite and hexahydrite are both magnesium sulfates con-
taining one and six H,O molecules in their unit formulas, re-
spectively. This leads to fundamentally different structures, pro-
viding insights into the structure-altering effects of changes in
H,O content. H,O absorption bands in the 1.4 and 1.9 um re-
gions exhibit differences in wavelength positions, as expected
(Table 8); these relate to associated differences in the number
and wavelength positions of the H-O-H bending fundamen-
tals in the 6 um region (Table 7). Differences in wavelength
positions are also found for the SO-fundamental, combination,
and overtone bands (Tables 11-13). Differences in H,0 and SO
band positions have also been noted in a more extensive series
of variously hydrated magnesium sulfates (Crowley, 1991).

6.4. Spectral variability within a single mineral

A number of the sulfate minerals were represented by multi-
ple samples from different localities, allowing us to examine
whether spectral variability exists for a single sulfate min-
eral. Minerals for which reasonably pure duplicate samples
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Fig. 13. Reflectance spectra (0.3-3.6 um) of a goethite-bearing natrojarosite (SPT107) (lower spectrum in the 1 um region), and a compositionally similar

goethite-free natrojarosite (SPT113).

were available include coquimbite, ferricopiapite, jarosite, na-
trojarosite, pickeringite, anglesite, and barite. Duplicate spec-
tra showed little or no difference in terms of absorption band
minima wavelength positions (generally <10 nm). This arises
from the fact that these minerals are not subject to extensive
cation substitutions in nature, with the notable exception of the
jarosite—natrojarosite series (Stoffregen et al., 2000). Spectral
differences that do exist are largely confined to small variations
in absorption band depths and widths. In cases where absorp-
tion features were broad and weak (e.g., 14 um (715 cm~1)
region of ferricopiapite), band minima may vary by more than
10 nm, due to difficulties in reliably locating the band mini-
mum. In the case of barite, some absorption band minima wave-
length positions in the 8-16 pm (625-1250 cm~1) region (e.g.,
band near 8.3-8.5 pm (1175-1205 cm~1)), showed large dif-
ferences (up to 200 nm) between the sample spectra due to the
appearance of strong Restrahlen bands and Christiansen fea-
tures in one of the spectra. These results suggest that for sulfates
in which cation substitutions and variations in structural H,O
content are minor, no significant changes in absorption band po-
sitions will occur. However, grain size effects could affect band
minima determination, particularly in regions of transparency
features (Conel, 1969; Mustard and Hays, 1997).

6.5. Spectrum-altering effects of accessory phases

A number of the available sulfate samples contain acces-
sory minerals. These samples are useful for examining how
these accessory phases affect sulfate spectra. The detectability
of any mineral, including sulfates, will depend on a variety of
factors, including grain size, the type and abundance of other
phases, and physical disposition (e.g., intimate versus areal
mixtures). Detectability and detection limits can be improved
by focusing on wavelength regions where sulfates possess di-
agnostic absorption bands, such as the 4-5 pm region (Blaney,
2001).

Laboratory spectral studies of iron sulfate-bearing clays sug-
gest that it may be difficult to detect fine-grained sulfates, such
as schwertmannite, in emittance spectra because fine-grained
samples result in weak emittance features (Bishop et al., 1995;
Bishop and Murad, 1996) and many of schwertmannite’s ab-
sorption features below ~7 um (>1430 cm~1) are not diag-
nostic of this mineral. For Mars, it seems that sulfates (at the
abundance levels measured by Viking and Pathfinder) are best
detected in the 4-5 pum region in either loose or cemented soils,
even in the presence of palagonite (Cooper and Mustard, 2002),
although significant sulfate detection and discrimination has
been achieved using lower wavelength data (Arvidson et al.,
2005; Gendrin et al., 2005; Langevin et al., 2005). Sulfate-
cemented soils also exhibit a pronounced Restrahlen band in
the 8-9 pm (1110-1250 cm~1) region; thus using both the 4
5 and 8-9 um wavelength regions allows sulfate abundances
and forms to be constrained. Deconvolution of TES data using
sulfate-cemented soils as an end member has allowed the iden-
tification of regions on Mars where this material seems to exist
(Cooper and Mustard, 2001).

Comparison of goethite-bearing (SPT107; ~10% goethite)
and goethite-free (SPT113) natrojarosite samples (Fig. 13) in-
dicates that the spectrum-altering effects of goethite are largely
confined to the 0.3-1.0 um region. The goethite suppresses
overall reflectance across this region as well as the 0.43 pm
Fe3* band, and introduces its own 0.65 um absorption band.
The 0.91 um band of the natrojarosite is also affected by the
goethite, because goethite also exhibits an absorption band at
this wavelength; however, due to this overlap, its effect on
the wavelength position of the natrojarosite band is minor.
Goethite, which contains OH, also causes a broadening of the
3 um region absorption feature. At longer wavelengths, goethite
exhibits weak bands at 14.7 pm (680 cm~!) and 19.6 pm
(510 cm~1), which are not apparent in the SPT107 spectrum.
SO absorption band wavelength positions are not affected by
goethite.
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(SPT116).

Comparison of a goethite- and hematite-bearing (SPT114)
to a pure (SPT116) jarosite of similar composition can be used
to assess the spectrum-altering effects of both goethite and
hematite on jarosite (Fig. 14). The compositional data suggests
that SPT114 contains ~10 wt% each of goethite and hematite.
The presence of these two accessory minerals suppresses the
0.43 um Fe3t band, causes the 0.91 um Fe3+ band to move to
shorter wavelengths (0.88 versus 0.91 um), largely attributable
to the hematite, whose absorption band is located at 0.87 um
(resulting in a composite band from both the hematite and sul-
fate with a position intermediate between the two), widens the
3 um absorption feature, likely causes the moderate reduction
in overall reflectance beyond ~10 pm (<1000 cm~1), and in-
troduces an absorption band near 19.5 um (513 cm~1). Once
again, the spectrum-altering effects of these accessory phases
are most evident in the 0.3-1.0 um region, while the S-O fun-
damentals are unaffected.

In these examples and for other spectra measured for this
study, most spectral features diagnostic of the presence of sul-
fates and useful for species discrimination, such as wavelength
positions of the S-O fundamental, combination, and overtone
bands and OH combination bands, are unaffected by the pres-
ence of these ferric oxides and hydroxides. This indicates that
sulfate detection and species discrimination can be done in
the presence of these minerals using spectral features beyond
~1 um, at least for the abundance levels present in the current
samples. Some discrimination is also possible using features in
the 1 um region (Clark et al., 2003).

6.6. Spectral uniqueness of sulfates

This study has shown that sulfates exhibit characteristic ab-
sorption features in a number of wavelength intervals. Absorp-
tion bands in the 0.43 and 0.8-0.9 um regions are characteris-
tic of hydroxo-bridged Fe3*. However, similar bands are also
present in the spectra of some layer silicates (0.43 pm band)

and a number of iron oxides/hydroxides (0.8-0.9 um bands)
(Fig. 6) (e.g., Morris et al., 2000). Similarly, weak Fe* bands
located in the 0.9-1.2 um region can be overlapped by iron ox-
ides/hydroxides, and a number of mafic silicates (e.g., King
and Ridley, 1987; Cloutis and Gaffey, 1991). The 1.4, 1.9,
3, and 6 pum regions exhibit absorption bands attributable to
OH/H,0, and while band positions can be used to distinguish
different sulfates, most OH/H,O-bearing minerals also exhibit
absorption bands in these wavelength regions (e.g., Clark et
al., 1990), limiting their utility for practical remote sensing on
many bodies. Absorption bands in the 1.8 pm region, attribut-
able to H-O-H and O-H stretching and bending combinations
(Fig. 1), are not significantly overlapped by bands from other
common minerals, and hence this wavelength region may be
useful for detection and partial characterization of sulfates, par-
ticularly OH-bearing species. More generally, a broad feature
in this region is characteristic of OH/H,O-bearing sulfates. The
2.1-2.7 um region of OH-bearing sulfates exhibits a number
of absorption bands attributable to OH or SO combination vi-
brations (Fig. 12). However, layer silicates and carbonates also
exhibit absorption bands in this region (e.g., Gaffey, 1985;
Clark et al., 1990). Precise determination of band positions
in this region and determination of relative band depths and
widths should permit discrimination of a large number of min-
erals.

The 4-5 um region exhibits absorption features due to over-
tones and combinations of longer wavelength S-O fundamen-
tals. As it is not significantly overlapped by bands from com-
mon rock-forming minerals, it appears to be the most widely
applicable wavelength region for sulfate detection and char-
acterization. The 8-10 um (1000-1250 cm~1) and 14-17 pm
(590-715 cm~1) regions exhibit absorption bands attributable
to S-O fundamentals. Sulfate absorption bands in these re-
gions may be partly overlapped by bands from common sil-
icates, somewhat reducing their utility (e.g., Farmer, 1974b;
Crisp et al., 1990).
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7. Summary and conclusions

Absorption bands attributable to transition series elements
(particularly Fe?* and Fe3t), OH, H,0, and SO, are all present
in the 0.3-26 um region. This study has also helped to clarify
a number of uncertain or contentious band assignments, al-
though absorption band assignments beyond ~18 pm remain
uncertain in many cases. Hydroxo-bridged Fe3* leads to ab-
sorption bands in the 0.43, 0.5, and 0.9 um regions. Differences
in the positions of these features allows for partial discrimina-
tion of specific sulfates; however, similar absorption features
occur in other common minerals, and the width of the 0.43 pm
feature may be the only distinguishing characteristic. The pres-
ence of Fe?* results in a usually weak absorption feature in the
0.9-1.2 um region whose appearance may be related to ligand
type. Sulfates that are both anhydrous and transition element-
free are generally featureless below ~4 pm. The presence of
OH leads to the appearance of absorption bands in the 1.4 and
3 um regions. The presence of H,O leads to the appearance of
absorption bands in the 1.4, 1.9, 3, and 6 um regions. Conse-
quently, OH- versus HyO-bearing sulfates have fundamentally
different spectral properties below ~7 pm (>1430 cm~1). The
number and wavelength positions of absorption bands below
2.5 um allows for discrimination of individual OH- and H,O-
bearing sulfates (Crowley et al., 2003), and is a function of the
number of distinct sites available to these molecules and the
degree of hydrogen bonding. Changes in H,O content can re-
sult in structural change, and consequently significant spectral
change.

S04 tetrahedra give rise to fundamental bending and stretch-
ing vibrations in the 7.8-10.4 um (960-1280 cm~1), 13-18 um
(555-770 cm~1), and 19-24 um (415-525 cm~1) regions. Band
positions are unique for a particular sulfate mineral. Combina-
tions and overtones of H,O or OH fundamentals can lead to
absorption bands in the 1.6-1.9 and 2.1-2.7 um intervals. The
2.1-2.7 um region may also exhibit additional absorption bands
due to SO bending overtones. Cation substitutions that lead to
structural rearrangements result in significant spectral changes,
and in some cases, wavelength positions of all major absorption
bands are affected. Even cation substitutions that do not lead to
structural changes can still cause shifts in band position due to
their effects on bond lengths of adjacent molecular groups.

Group-wide spectral-compositional-structural trends, simi-
lar to those derived for some mafic silicates (e.g., Cloutis and
Gaffey, 1991), could not be established. However, individual
sulfate minerals can be uniquely identified on the basis of ab-
sorption band positions in a number of wavelength regions
(Crowley et al., 2003; Bishop and Murad, 2005). Of the var-
ious wavelength regions attributable to sulfate-related absorp-
tions, the 4-5 um region is probably the best from an opera-
tional perspective, because absorption bands for the major rock-
forming minerals do not appreciably affect this wavelength
region. However, many planetary bodies have low reflected
or thermal fluxes in this region (e.g., Europa).The spectrum-
altering effects of accessory Fe oxides/hydroxides are largely
confined to the 0.3-1 pm region.

Given the spectral diversity of sulfates, the availability
of multiple wavelength regions in which partial or complete
species discrimination is possible, and the availability of wave-
length regions where sulfates exhibit features that are not over-
lapped by absorption bands of common rock-forming minerals,
optical spectroscopy can be a powerful tool for sulfate detection
and discrimination on a number of planetary bodies. Bodies
on which sulfates are known, presumed, or suspected to exist,
and for which spectral observational campaigns could benefit
from spectral analysis in diagnostic wavelength regions, include
Mars, Europa, lo, and some classes of dark asteroids.
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