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The visible and infrared spectral properties of jarosite and alunite
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ABSTRACT
The visible and infrared spectral properties of two natural jarosite minerals and a suite of synthetic
jarosites and alunite samples are described here. The fundamental stretching and bending vibrations
–
observed in the infrared region for SO2–
4 and OH are compared with the near-infrared overtones and
–
3+
combinations of these vibrations. Shifts were observed in the SO2–
vs. Fe3+
4 and OH bands for Al
at the octahedral sites and K+ vs. Na+ at the “A” (frequently monovalent) sites. Crystal-Þeld theory
bands were observed for jarosite near 435, 650, and 900–925 nm and were compared to those of
iron oxides. Spectral bands near 1.76, 2.17, 2.53, 4.5, 8–10, and 15–24 μm (corresponding to ~5670,
4600, 3970–4150, 2100–2300, 1000–1225, and 420–675 cm–1, respectively) for alunite and near 0.43,
0.91, 1.85, 2.27, 2.63, 4.9, 8–10, and 15–24 μm (corresponding to ~23 000, 10 990, 5400, 4350–4520,
3800–4150, 1950–2200, 1000–1190, and 440–675 cm–1, respectively) for jarosite would be most useful for detecting these minerals using remote sensing on Earth or Mars. These minerals are important
indicators of alteration processes, and this study contributes toward combined visible/near-infrared
and mid-infrared spectral detection of these two alunite-group minerals.

INTRODUCTION
Jarosite and alunite are frequently observed on Earth and may
also occur on Mars (Klingelhöfer et al. 2004). Fine-grained alunite forms via sedimentary or low-temperature processes, whereas
alunite veins are formed by hydrothermal activity. Alunite has also
been found in metamorphic rocks. Aqueous alteration of alunite in
the presence of silica leads to the formation of kaolinite, muscovite
or K-feldspar. Alunite dissolution in low-silica environments forms
böhmite, γ-AlOOH. Jarosite is a common weathering product of
oxidized iron sulÞdes under acidic conditions and frequently forms
in concert with ferric oxyhydroxides. Laboratory experiments and
Þeld observations have shown that jarosite typically forms at pH
values below 3, whereas schwertmannite precipitates preferentially
at pH values between 3 and 4, and ferrihydrite is observed at pH
5 and above; goethite has been observed to form throughout the
pH range (2.5 to 8) of sulÞde oxidation (Bigham and Murad 1997;
Bigham et al. 1996). Detailed and up-to-date descriptions of the
structures and occurrences of the minerals of the alunite-jarosite
group have been given in the recent MSA Reviews in Mineralogy
and Geochemistry volume on sulfates, in particular in the chapters
by Stoffregen et al. (2000), Bigham and Nordstrom (2000), and
Dutrizac and Jambor (2000).
As described by Burns (1987, 1988), jarosites could form
on Mars through chemical alteration of sulÞde minerals, whose
presence on Mars is indicated from analysis of Martian meteorites
(e.g., McSween 1985). Remote sensing of these minerals could
therefore provide information about surface processes such as
alteration of sulÞdes, acid aqueous conditions, or volcanic processes. Jarosite formation could occur at low temperatures and
the nature and type of ferric sulfate-bearing rocks, or gossans,
produced on Mars are expected to be similar to those formed
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on Earth. Thermodynamic calculations of mineral stabilities and
chemical weathering on Mars indicate that iron sulÞdes would
oxidize to Fe(II) sulfate without water and to Fe(III) sulfate
plus ferric oxides/oxyhydroxides with water (Gooding 1978).
Oxidation rates of sulÞdes on Mars in equatorial melt-waters
would be about 105 times slower than on Earth, but would still
occur over geologic time (Burns and Fisher 1993). Moses et
al. (1987) noted that FeS2 is oxidized to Fe(II) sulfate faster at
lower pH, but that abiotic oxidation of Fe(II) to Fe(III) is slower
at lower pH. Oxidation of Fe(II) to Fe(III) could be biomediated
or photo-induced in order to facilitate jarosite formation from
FeS2 at low pH. Temple and Delchamps (1953) noted early on
that aqueous Fe(III) at low pH is a more aggressive oxidant for
pyrite than dissolved oxygen. This could be important for Mars
where there is likely to be more ferric iron than oxygen. Burns
and Fisher (1990) performed acid leaching experiments on pyrrhotite (Fe1–xS) and proposed an acid groundwater weathering
scenario for Mars where pyrrhotite would be transformed to
pyrite, then to goethite plus jarosite. Jarosite is highly insoluble
and would resist further reaction, but goethite could convert to
hematite over time.
The alunite group has the formula AM3(SO4)2(OH)6, where A
is usually a monovalent cation (K+ and Na+ are most common,
although Pb+, Ag+, NH+4 , and H3O+ are also observed), and M is
Al3+ (alunite), Fe3+ (jarosite), or another trivalent cation (Dutrizac
and Jambor 2000). The structure is composed of SO2–
4 tetrahedra
and MO2(OH)4 octahedra, both somewhat distorted and each
forming a layer in the a direction (Stoffregen et al. 2000). Each
SO2–
4 tetrahedron has one O atom bound to Al or Fe, producing
a symmetry of C3v instead of Td (Adler and Kerr 1965). The
ionic radii for octahedrally coordinated Al3+ and high spin Fe3+
are 0.535 Å and 0.645 Å, respectively (Shannon 1976), and the
valence electrons for Al3+ are in p orbitals while those for Fe3+

1100

BISHOP AND MURAD: THE SPECTRAL PROPERTIES OF JAROSITE AND ALUNITE

1101

are in d orbitals. Both of these factors should have an effect on
the M-O bond strengths. The 12-coordinated Na+ and K+ ions
have radii of 1.39 and 1.64 Å (Shannon 1976) and charge/radius
values of 0.65 and 0.56, respectively. Based on its larger ionic
size K+ should expand the unit cell in the c direction, whereas
Na should have stronger bonds to O- and OH. A study of numerous K+-, Na+-, and H3O+-jarosites showed that the c-direction is
longest for K+-jarosite (Brophy and Sheridan 1965).

METHODS
Samples
Two natural jarosite minerals and a suite of synthetic jarosite and alunite
samples are studied here. Natural jarosite (53) is from Bolivia and was prepared
for a previous study (Burns 1987), and natural jarosite (406) was handpicked from
a Mineral County, Nevada, sample acquired from Wardʼs. A suite of synthetic
samples: Na-jarosite (440), K-jarosite (441), Ag-jarosite (442), H3O-jarosite (443),
K-alunite (444), NH4-alunite (445), and Na-alunite (446) are from the collection of H. Kodama, who published their transmittance infrared spectra (Kodama
1985). Natural jarosite 53 contains small amounts of quartz and natural jarosite
406 contains a small amount of carbonate. All samples are particulate and <45
μm in particle size.

Spectrometers
Reßectance spectra. Visible-infrared (IR) reßectance spectra were measured as
described in previous experiments (Bishop et al. 1995). Bidirectional visible/nearinfrared (VNIR) spectra were measured relative to Halon under ambient conditions
from 0.3 to 2.5 μm at the Reßectance Experiment Laboratory (RELAB) at Brown
University. Biconical reßectance spectra were measured relative to a rough gold
surface using a Nicolet FTIR spectrometer in an H2O- and CO2-purged environment
(samples purged 10–12 h prior to measurement) in order to remove adsorbed water
from the samples. Both on-axis (1–25 μm) and off-axis (1–50 μm) spectra were
measured for multiple samples and no differences were observed, indicating that
specular components are minimal or absent for these spectra. Composite, absolute
reßectance spectra were prepared by scaling the FTIR data to the bidirectional
data near 1.2 μm. The spectral resolution is 5 nm for the extended visible region
bidirectional data and 2-4 cm–1 for the FTIR data.
Transmittance spectra. Transmittance spectra were obtained using a Nicolet
Magna 550 FTIR spectrometer and samples pressed into KBr pellets prepared in
order to minimize adsorption of water were described in a previous study (Murad
and Bishop 2000). Brießy, 300 mg of dehydrated KBr powder as mixed with 1
mg of sample, pressed and measured against a pure KBr pellet as a background
using a DTGS detector. Data were recorded from 4000 to 400 cm–1 at a spectral
resolution of 4 cm–1.

REMOTE SENSING
Remote sensing has been used to identify alunite-group
minerals near mining sites and to map acidic mine waste (Clark
et al. 2003; King et al. 1995; Kruse et al. 1989; Swayze et al.
2000). Figure 1 shows spectra of the VNIR and mid-IR regions
that are frequently used for remote sensing analyses. Because
these samples are all Þne-grained powders, the mid-IR features
are weaker than those expected for deposits of jarosite or alunite
in the Þeld. Sulfate contents of 6–8 wt% have been observed in
the Þne-grained surface material on Mars (Clark et al. 1982;
Foley et al. 2003), but the speciÞc forms of this sulfate are not yet
well constrained. Preliminary Mars Express - OMEGA data have
shown the presence of kieserite and gypsum (Bibring et al. 2005;
Gendrin et al. 2005). Jarosite has been identiÞed as one of the
sulfate minerals in the outcrop of Eagle Crater, Meridiani, using
Mössbauer spectroscopy (Klingelhöfer et al. 2004; Squyres et al.
2004), and may be present elsewhere on the planet. Analysis of
telescopic spectra of Mars showed features attributed to sulfates,
but speciÞc minerals have not been identiÞed (Blaney and Mc-

FIGURE 1. Reßectance spectra of jarosite and alunite samples: (a)
VNIR region and (b) mid-IR region. The mid-IR spectra are shown as
inverse reßectance in wavenumbers in order to facilitate comparison with
thermal emission spectra. The natural jarosite samples exhibit weaker
water bands and sharper and stronger NIR OH and sulfate overtones and
combinations compared to the synthetic samples.

Cord 1995; Pollack et al. 1990). Current hyperspectral thermal
IR spectrometers are measuring the mid-IR region from orbit
using the Mars Global Surveyor TES instrument (Christensen
et al. 2001) and from the surface of Mars using the mini-TES on
the Mars Exploration Rovers (MERs) (Christensen et al. 2004;
Squyres et al. 2004). Global hyperspectral VNIR spectra are currently being acquired by the Visible and Infrared Mineralogical
Mapping Spectrometer (OMEGA) on Mars Express and will be
acquired by the Compact Reconnaissance Imaging Spectrometer
for Mars (CRISM) on Mars Reconnaissance (MRO) in the future
(Murchie et al. 2003). Multi-channel extended visible region
data are also currently being collected by Pancam on the MERs
(Bell et al. 2004, 2003) and may provide evidence of jarosite or
other Fe-bearing minerals.

SPECTRAL PROPERTIES
Fundamental sulfate vibrations occur for the sulfate ion due
to symmetric (ν1, 981 cm–1) and asymmetric (ν3, 1104 cm–1)
stretching and symmetric (ν2, 451 cm–1) and asymmetric (ν4,
613 cm–1) bending motions (Herzberg 1945). For tetrahedral
(Td) sulfate sites in minerals IR absorptions occur for ν3 and
ν4, but not for ν1 and ν2, which are IR inactive (Adler and Kerr
1965). Transmittance spectra of sulfates are described by Ross
(1974), emittance spectra of selected sulfates are described by
Lane and Christensen (1998) and VNIR reßectance spectra of
selected sulfates are given in Hunt et al. (1971).
For the C3v sulfates of jarosite and alunite one ν1, one ν2,
two ν3, and two ν4 vibrations are expected (Adler and Kerr 1965;
Hug 1997). Alunite exhibits spectral features due to the vibrations of sulfate groups, hydroxyl groups, metal-oxygen bonds
and lattice vibrations. Jarosite spectra contain these as well as
iron excitational features. Transmittance spectra of jarosite and
alunite have been analyzed in previous studies (Adler and Kerr
1965; Omori and Kerr 1963; Powers et al. 1975; Sasaki et al.
1998; Sejkora and Duda 1998; Serna et al. 1986). Combinations
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and overtones of the fundamental vibrations due to sulfate and
OH in jarosite and alunite are observed in NIR reßectance spectra
(Clark et al. 1990; Hunt et al. 1971).

CRYSTAL-FIELD THEORY BANDS
Octahedrally coordinated Fe3+ in jarosite has Þve valence
electrons occupying three t2g and two eg orbitals, i.e., high spin
conÞguration, in the ground 6A1g state as in the case of ferric
oxide/hydroxide minerals (Burns 1993; Rossman 1976; Sherman and Waite 1985). Excitations of these Fe3+(O/OH)6 groups
are actually spin forbidden based on ligand Þeld theory. However,
extended visible region spectra of jarosite include a sharp band
near 435 nm, a shoulder near 650 nm and a broad band near 910
nm (Hunt and Ashley 1979; Morris et al. 1996; Rossman 1976;
Townsend 1987). Rossman (1976) presented absorbance spectra
parallel and perpendicular to the c axis of a jarosite single crystal
that showed markedly stronger absorptions at 434 and 933 nm
for the perpendicular case where the incident light is aligned with
Fe3+O2(OH)4 sheets. Sherman and Waite (1985) described spin
polarization of the Fe-O chemical bond for clusters and sheets of
Fe3+(O/OH)6 groups in minerals as opposed to isolated Fe(O/OH)6
molecules. This spin polarization enables magnetic coupling via
superexchange interactions for minerals that have long-range edgeor corner-sharing Fe(O/OH)6 octahedra. This magnetic coupling
causes relaxation of the selection rules and the spin forbidden 6A1g
to 4T1g and 4T2g transitions occur. Magnetic coupling of adjacent
Fe3+(O/OH)6 groups is also responsible for the simultaneous excitation of two Fe3+ centers leading to a paired 6A1g to 4T1g transition
(Sherman and Waite 1985). This gives rise to an absorption band
near 550 nm that contributes to the spectral slope from 500-600
nm (Fig. 1), but a discrete band cannot be identiÞed here.
For jarosite the broad band near 900–940 nm is attributed to
the 6A1g to 4T1g transition, the shoulder near 650 nm to the 6A1g
to 4T2g transition, and the sharp band near 430 nm to the 6A1g to
4
Eg,4A1g transition of a single Fe3+ center (Hunt and Ashley 1979;
Schugar et al. 1972; Sherman and Waite 1985). The energies of
these absorptions are determined by the ligand Þeld splitting
parameter, Δ, which is inßuenced by the type of ligand bound to
the iron atom (Burns 1993). The spectrochemical series shows
2–
that Δ follows an increasing trend such that OH– < SO2–
4 < O .
3+
–
For jarosite each Fe cation is bonded to four OH and two
SO2–
4 groups, so it is expected that Δ should be greater than in
the case where the Fe3+ cation is bonded to six OH– groups and
less than in cases where the Fe3+ cation is bound to combinations of OH– and O2– or only O2–. The absorptions observed in
the jarosite spectra in Figure 1a are given in Table 1. The 6A1g to
4
T1g band is observed for Fe3+O6 groups in hematite at 850–885
nm, for Fe3+(O/OH)6 groups in goethite at 910–940 nm, and for
Fe3+(O/OH)6 groups in ferrihydrite at 910–930 nm (Bishop et al.
1993; Burns 1993; Hunt and Ashley 1979; Morris et al. 1985;
Sherman and Waite 1985). The 6A1g to 4T1g transition for jarosite

is similar to that observed for goethite and ferrihydrite, and the
6
A1g to 4T1g transition for hematite occurs at higher energy (lower
wavelength). The intensity or band strength is also greater for
hematite than these other minerals because the oxo-bridged Fe3+
ions enable increased superexchange interactions compared with
the more ionic OH–-bridged Fe3+ bonds (Sherman 1985).

FUNDAMENTAL VIBRATIONS
Transmittance spectra are shown from 400 to 1350 cm–1 for
selected jarosite and alunite samples in Figure 2. There are differences between the transmittance and reßectance (or emittance)
spectra in this region (compare Figs. 1 and 2) because the reßectance (or emittance) spectra contain absorption and scattering
components. Transmittance spectra are easier to relate directly
to the mineral structure because they contain only absorption
features and the mid-IR reßectance and emittance features are
weaker for such Þne-grained materials unless the samples are
compacted. Band assignments by Serna et al. (1986) for the
fundamental vibrations appear to follow all of the selection rules
(Adler and Kerr 1965; Ross 1974) and trends observed from
spectral measurements of deuterated samples (Breitinger et al.
1997). Band assignments, as well as band centers, for transmittance and reßectance spectra of our samples and those from
previous studies are listed in Table 2.
The strongest bands are due to the ν3 (SO2–
4 ) stretching vibration and are observed as a doublet near 1100 and 1200 cm–1. The

TABLE 1. Band centers determined from normalized spectra of
jarosite
6
Sample
A1g to 4T1g
53 11.1*103 cm–1 (900 nm)
406 10.8*103 cm–1 (925 nm)
440 11.0*103 cm–1 (910 nm)
441 11.0*103 cm–1 (910 nm)
442 11.1*103 cm–1 (900 nm)

6

A1g to 4T2g
15.4*103 cm–1 (650 nm)
15.4*103 cm–1 (650 nm)
15.2*103 cm–1 (660 nm)
15.5*103 cm–1 (645 nm)
15.2*103 cm–1 (660 nm)

6

A1g to 4Eg,4A1g
22.9*103 cm–1 (437 nm)
23.0*103 cm–1 (435 nm)
23.0*103 cm–1 (435 nm)
23.0*103 cm–1 (435 nm)
22.9*103 cm–1 (437 nm)

FIGURE 2. Transmittance spectra of jarosite and alunite samples from
400 to 1350 cm–1. The ν1, ν2, ν3, and ν4 sulfate modes and OH bending
modes are indicated. The γOH is stronger for alunite and δOH is stronger
for jarosite. The natural jarosite sample exhibits a stronger γOH band and
a more clearly deÞned ν4 doublet than the synthetic samples.
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TABLE 2. Band assignments for vibrational features in jarosite and alunite spectra
Transmittance spectra (all bands in cm–1)
Natural jarosite
53
447 sh
473 s
510 s
630 m
663 w
~995 sh
1005 s

406
446 w
475 s
511 s
580 w
630 m
661 m
~995 sh
1005 s

Synthetic jarosite
NaK440
441
445 w
448 vw
476 s
474 s
505 s
508 s
580 sh
631 m
630 m
673 vw
663 w
~997 sh
~993 sh
1010 s
1005 s
1025 sh
1094 s
1085 s

1085 s

1085 s

1165 m
1625 w
1961 w
2015 w
2076 vw
2102 vw
2167 vw

1185 m
1630 m
1961 m
2016 m
2076 w
2101 w
2172 w

1187 m
1639 s
1992 m
2046 m
2086 w
2120 w
2167 sh
2195 w

1193 m
1634 s
1967 w
2024 w
2078 vw
2105 vw
2178 vw

3384 vs
3410 sh
~3550 w

3383 vs
3405 sh
~3550 w

3359 vs
~3400 sh
~3550 m

3385 vs
~3410 sh
~3550 m

Reﬂectance spectra (all bands in cm–1)
Natural jarosite
53
3812 m
3838 m
3995 w
4058 sh
4150 w
4351 w
4417 m
4514 w

406
3812 s
3838 s
3995 m
4065 m
4157 m
4351 w
4418 s
4521 s

Synthetic jarosite
NaK440
441
3814 m
3820 w

Synthetic alunite
NaK446
444
435 m
422 m
488 w
500 wb
512 w
518 w
597 s
594 s
628 s
622 s
666 s
668 s
992 sh
989 w
1025 w
1028 m
1061 w
1070 sh
1100 s
1083 s
~1150 sh
~1160 sh
1222 m
1225 m
1637 s
1637 s

2143 sh
2225 m
2313 sh
3456 vs
3487 sh
~3550 m

2124 w
2183 w
2227 w
2293 sh
3485 vs
3515 sh
~3550 m

Assignment
ν2 (SO4)2–
M-O (Al/Fe)
M-O (Al/Fe)
γ (OH)
ν4 (SO4)2–
ν4 (SO4)2–
ν1 (SO4)2–
δ (OH)
δ (OH)
ν3 (SO4)2–
δ (OH)
ν3 (SO4)2–
δ (H2O)
2ν3 (SO4)2–, 2 δ (OH)
2ν3 (SO4)2–, 2 δ (OH)
2ν3 (SO4)2–, 2 δ (OH)
2ν3 (SO4)2–, 2 δ (OH)
2ν3 (SO4)2–, 2 δ (OH)
2ν3 (SO4)2–, 2 δ (OH)
2ν3 (SO4)2–, 2 δ (OH)
ν (OH)
ν (OH)
ν (H2O)

Synthetic alunite
Na446

K444

Assignment
3ν3 (SO4)2–, OH OT/C
3ν3 (SO4)2–, OH OT/C
3973 w
4000 w
3957 m
3973 m
3ν3 (SO4)2–, OH OT/C
4055 sh
4065 w
4075 sh
4075 sh
3ν3 (SO4)2–, OH OT/C
4164 sh
3ν3 (SO4)2–, OH OT/C
3ν3 (SO4)2–, OH OT/C
4413 m
4410 w
ν + δ (OH)
4510 sh
4510 sh
ν + δ (OH)
4604 s
4604 s
ν + δ (OH)
4945 sh
4960 sh
OT/C
5165 w
~5150 m
5145 m
5100 m
5160 m
ν + δ (H2O)
5370 sh
5369 m
ν + 2δ (OH)
5406 w
5408 m
5415 m
5400 w
5674 m
5666 m
ν + 2δ (OH)
6560 sh
6582 w
2ν (OH)
6808 w
6800 m
6775 m
6817 m
6704 m
6787 m
2ν (OH), ν + 2δ ( H2O)
6815 sh
2ν (OH), ν + 2δ ( H2O)
6980 sh
7015 sh
6956 m
6990 sh
2ν (H2O)
Notes: The band strength is indicated by b for broad, vs for very strong, s for strong, m for medium, w for weak and vw for very weak; sh indicates shoulder; OT/C
refers to overtones and combination bands. Band assignments of jarosite and alunite transmittance spectra are based on previous studies (Adler and Kerr 1965;
Omori and Kerr 1963; Powers et al. 1975; Sasaki et al. 1998; Sejkora and Duda 1998; Serna et al. 1986). Band assignments of jarosite and alunite NIR reﬂectance
spectra are based on previous studies (Clark et al. 1990; Hunt and Ashley 1979; Hunt et al. 1971).

band near 1100 cm–1 in both IR and Raman spectra is sensitive to
the cation and occurs at a higher frequency for Na-jarosite than
K-jarosite (Sasaki et al. 1998). This is observed in our data for
both transmittance and reßectance modes. A weak band due to ν1
(SO2–
4 ) is observed for many sulfates with distorted Td conÞgurations near 950–1000 cm–1 (Adler and Kerr 1965; Omori and Kerr
1963) and is observed as a shoulder near 1000 cm–1 for jarosite
and alunite. As this band is observed for jarosite and alunite as
well as anhydrous sulfates, it cannot be due to OH as erroneously
deÞned in some studies, and is conÞdently assigned to the ν1
(SO2–
4 ) vibration. A strong doublet is observed near 625 and 660
cm–1 due to the ν4 (SO2–
4 ) bending vibrations. Only a single band
near 625 to 640 cm–1 is observed in the reßectance spectra of our
jarosites, while both bands are observed in the reßectance spectra
of our alunites. The ν2 (SO2–
4 ) bending vibration is attributed to
the band near 420 to 450 cm–1. A higher frequency is observed
for jarosite than alunite, and the Na versions also exhibit higher

frequencies than the K versions in this group.
Both in-plane, δ, and out-of-plane, γ, bending vibrations
are observed for M(O,OH)6 groups in minerals (Ryskin 1974).
Some AlOOH and FeOOH minerals exhibit a γOH band near 750
cm–1 and a δOH doublet near 1030 and 1160 cm–1. Bands due to
OH-bending vibrations in jarosite and alunite are assigned near
570–600 cm–1 and near 1020–1160 cm–1 based on comparison of
Raman and IR spectra and analysis of the spectra of deuterated
samples (Breitinger et al. 1997; Sasaki et al. 1998). It is difÞcult
to resolve the δOH doublet in this region for alunite and jarosite;
bands are observed in the alunite spectra near 1030 and 1160 cm–1
that are assigned to the δOH doublet, and a single strong band is
observed near 1020 cm–1 in the jarosite spectra. A water-bending
vibration is observed near 1625–1650 cm–1 in reßectance and
transmittance spectra of jarosite and alunite as shown in Figure
3. This is often present in synthetic samples where H3O+ replaces
some of the monovalent sites (Grohol and Nocera 2002).

1104

BISHOP AND MURAD: THE SPECTRAL PROPERTIES OF JAROSITE AND ALUNITE

Transmittance spectra of the OH stretching region are shown
in Figure 4. The νOH doublet occurs from 3455–3515 cm–1 for
alunite and from 3360-3410 cm–1 for jarosite. These OH stretching frequencies are lowered and the OH bending vibrations are
elevated due to in-plane hydrogen bonding of the hydroxyls
(Ryskin 1974). This band near 3300 to 3600 cm–1 (or ~2.8–3
μm) is much broader for the spectra of synthetic samples due to
the presence of H3O+. The ν3 and ν1 H2O vibrations are expected
near 3620 and 3400 cm–1, but can vary depending on the degree
of hydrogen bonding in the mineral structure (Ryskin 1974). A
water-bending overtone (2δHOH) also occurs near 3200 cm–1
(e.g., Bishop et al. 1994). These individual bands cannot be distinguished in the spectra without modeling because they overlap.
A distribution of water features is assumed to occur here because
of differences in polarizability of the H2O molecules from the
Þrst monolayer to additional layers of adsorbed water.
Additional features at lower energies (longer wavelengths) in
Figure 2 have been assigned to the Al-O or Fe-O modes for the
octahedral components of the structure (Breitinger et al. 1997;
Sasaki et al. 1998). These occur near 475 to 515 cm–1.

OVERTONE AND COMBINATION MODES
Clusters of alunite and jarosite overtone pairs can be observed
in Figures 3, 5, and 6. For jarosite this is a series of individual

FIGURE 3. Transmittance and reßectance spectra from 1400–2600
cm–1. This Þgure shows that reßectance and transmittance spectra are
similar in this region for these minerals, although the reßectance bands are
somewhat stronger and broader. A water band is present near 1630–1650
cm–1 that is similar for all of the samples. Combination and overtone
bands near 2000 and 2200 cm–1 can be used to discriminate between
jarosite and alunite minerals.

bands from 1960 to 2200 cm–1 and again from 3800 to 4150 cm–1.
For alunite this is a cluster of overlapping bands from 2150 to
2300 cm–1 and from 3950 to 4100 cm–1. Because of the similarity in shape and wavenumber values, these are assigned to the
Þrst and second overtones of the fundamental vibrations in the
1000–1200 cm–1 region. Combinations of the ν1, ν2, ν3, and ν4
sulfate bands are also likely contributors to these features. By
measuring spectra of alunite at 88 K, Breitinger et al. (1999)
were able to resolve eight discernable bands in the Þrst overtone
region. Upon deuteration, three of these bands are shifted and Þve
remain, suggesting that Þve are overtones and combinations of
the sulfate vibrations and three are overtones and combinations
of the OH bands. This can be tested by calculating overtone and
combination bands. Overtones are expected to have slightly less
than twice the energy of fundamental vibrations due to quantum
mechanics and a factor of 1.96 was found to be accurate in comparing the NIR and mid-IR spectra of clay minerals (Bishop et
al. 2002). Using a factor of 1.96 for the Þrst overtone, the sharp
jarosite peaks at 1960–1990 and 2020–2045 cm–1 give a δOH
doublet near 1000–1015 and 1030–1043 cm–1. This compares
very well with the observed strong band near 1020 cm–1 that is
apparently an unresolved doublet. The additional jarosite bands
could be overtones and combinations of the sulfate bands. For
example, ν1 + ν2 + ν4 is about 2085 cm–1 using an average of the
ν4 doublet. Similarly, the bands in alunite spectra that cluster near
2150–2300 cm–1 are Þrst overtones of the δOH, ν1, and ν3 bands

FIGURE 4. Transmittance spectra of jarosite and alunite samples
from 3000 to 3800 cm–1. This band is primarily due to the structural OH
stretching mode and includes water modes as well, especially for the
synthetic samples. Reßectance spectra in this region are nearly saturated
for these minerals.
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FIGURE 5. Reßectance spectra of jarosite and alunite samples from
3600 to 5400 cm–1. Many combination and overtone bands are observed
here for jarosite and alunite and can be used to discriminate between
these minerals. Unfortunately, many other OH, carbonate, and sulfatebearing minerals also exhibit bands in this region. The broad band near
5100 cm–1 (~1.95 μm) is due to water and is not present in spectra from
natural jarosite samples.

in the 1095–1175 cm–1 range and perhaps some combinations
of the sulfate bands.
Related clusters of bands occur near 3800–4070 cm–1 for
jarosite and 3960–4160 cm–1 for alunite and are shown in Figure
5. Based on the frequencies and the shapes of these bands, they
are assigned to third overtones and combinations of the δOH, ν1,
and ν3 bands in the 1000–1200 cm–1 range. A combination of the
γOH + νOH modes also gives bands near 4000 cm–1 for jarosite
and near 4100 cm–1 for alunite that are likely also contributing
to these features.
The NIR overtones and combinations of ν and δOH bands in
jarosite and alunite spectra can be computed similarly to these
features in phyllosilicate spectra (Bishop et al. 2002). The νOH
bands for transmittance spectra of K-alunite (444) and Na-alunite
(446) occur at 3485 and 3456 cm–1, respectively, corresponding
to theoretical overtones of ~6830 and 6774 cm–1 using a factor
of 1.96. The measured values for these overtones are 6787 and
6704 cm–1, the K-rich sample having a slightly higher frequency
in both cases. The OH ν + δ combination occurs at 4604 with a
shoulder near 4510 cm–1 for both of these alunites. Subtracting
the two δOH bands of ~1150 and 1025 cm–1 for K-rich alunite
gives theoretical νOH values of 3454 and 3485 cm–1, and the
same for Na-rich alunite gives 3454 and 3482 cm–1. The γOH
band is fairly strong for these alunites and might be contributing
to the combination bands as well, although we have not used this
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FIGURE 6. Reßectance spectra of jarosite and alunite samples from
5200 to 7300 cm–1. The bands near 5400 cm–1 (~1.85 μm) for jarosite
and 5700 cm–1 (~1.75 μm) for alunite are highly useful for identiÞcation
of these minerals in remote sensing because few minerals exhibit bands
here and reßectance is usually strong in this region. The broad band near
7000 cm–1 (~1.42 μm) is due to water and is not present in spectra from
natural jarosite samples.

here in calculating theoretical combination bands. The alunite
band near 5670 cm–1 is assigned to ν + δ1 + δ2 OH. Calculating
this from the fundamentals gives 3485 + 1160 + 1025 = 5670
cm–1 for K-rich alunite and 3456 + 1150 + 1028 = 5634 cm–1
for Na-rich alunite. Alternatively, this band could be derived using averages of the theoretical νOH doublet derived from NIR
spectra giving 5675 cm–1 for K-rich alunite and 5650 cm–1 for
Na-rich alunite. Although not exact, these calculated values are
fairly consistent with each other, thus conÞrming the OH band
assignments.
For K-rich jarosites (406 and 441) and Na-rich jarosite (440)
the OH ν + δ combination bands occur at 4418, 4410, and 4413
cm–1, respectively. Subtracting the measured δOH bands at 1016,
1020, and 1020 cm–1 gives νOH values of 3402 cm–1 (406), 3390
cm–1 (441), and 3393 cm–1 (440). These are close to the νOH
bands in the transmittance spectra: 3383 and ~3405 cm–1 for
natural jarosite 406, 3385 and ~3410 cm–1 for K-rich jarosite 441,
and 3359 and ~3400 cm–1 for Na-rich jarosite 440. Calculating
overtones of the νOH band using a factor of 1.96 gives values
between 6580 and 6685 cm–1; measured bands occur near 6800
with a shoulder near 6570 cm–1. As combinations and overtones
of bound water also occur in this region (discussed below), they
are also contributing to these features. It appears that the shoulder
near 6570 cm–1 is due only to OH overtones. The jarosite band
near 5400 cm–1 is assigned to ν + δ1 + δ2 OH, assuming that the
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δOH near 1020 cm–1 is really a doublet because of the overtones
near 1970 and 2020 cm–1. Calculating this from the fundamentals
gives 3383 + 1005 + 1005 = 5393 cm–1 for natural jarosite 406,
3385 + 1005 + 1005 = 5395 cm–1 for K-rich jarosite 441, and
3359 + 1025 + 1010 = 5394 cm–1 for Na-rich jarosite 440 (when
only one δOH band was measured for the jarosites in this study,
this band was used twice).
Combinations and overtones of H2O also occur in this region
near 7000 cm–1 (1.43 μm) and 5150 cm–1 (1.94 μm) for both
jarosite and alunite and are similar to those observed for phyllosilicates (e.g., Bishop et al. 1994). The bound water stretching
vibrations in clay minerals occur near 3550 cm–1 for the stronger
ν1 absorption and near 3600 cm–1 for the weaker ν3 absorption.
Calculating H2O stretching vibrations from the overtone bands
at 6980 cm–1 (Na-rich jarosite), 7015 cm–1 (K-rich jarosite), 6956
cm–1 (Na-rich alunite), and 6990 cm–1 (K-rich alunite) using a
factor of 1.96 gives bands at 3561, 3579, 3550, and 3566 cm–1,
respectively. This implies that the weak water overtones are
primarily due to ν1 water vibrations, as expected, with some ν3
contributions. Theoretical combination bands can then be determined using these calculated H2O stretching vibrations and
the measured H2O bending vibrations from Table 2. For ν + 2δ
H2O this gives bands at 6839 cm–1 (Na-rich jarosite), 6847 cm–1
(K-rich jarosite), 6823 cm–1 (Na-rich alunite), and 6840 cm–1
(K-rich alunite), and for ν + δ H2O this gives bands at 5200 cm–1
(Na-rich jarosite), 5213 cm–1 (K-rich jarosite), 5186 cm–1 (Narich alunite), and 5203 cm–1 (K-alunite). All of these bands are at
slightly higher wavenumbers than measured bands in the spectra,
suggesting that the H2O stretching vibrations calculated from the
weak features near 7000 cm–1 might be somewhat too high.

SUMMARY STATEMENT
VNIR reßectance spectra and mid-IR reßectance and transmittance spectra of a collection of jarosites and alunites show
four fundamental sulfate modes: ν1 near 990 cm–1 (10.1 µm), ν2
near 430 cm–1 (~23.3 µm) for alunite and near 445 cm–1 (~22.5
µm) for jarosite, ν3 is split into a doublet near 1100 and 1220
cm–1 (~9.1 and 8.2 µm) for alunite and near 1090 and 1190
cm–1 (~9.2 and 8.4 µm) for jarosite, and ν4 is split into a doublet
near 630 and 670 cm–1 (~16 and 15 µm). Structural OH modes
are also important and our spectra show strong ν OH bands for
both minerals, whereas the δ OH band is stronger in the jarosite
spectra and the γ OH is stronger in the alunite spectra. Clusters
of overtone and combination bands due to sulfate or OH species
are observed from 1960 to 2200 cm–1 (4.5–5.1 µm), from 3800 to
4150 cm–1 (2.41–2.63 µm) and near 4410-4420 cm–1 (2.26–2.27
µm) for jarosite and from 2150 to 2300 cm-1 (4.3–4.6 µm), from
3950 to 4100 cm–1 (2.44–2.53 µm) and near 4510 and 4604 cm–1
(2.17–2.22 µm) for alunite.
Some differences were observed for the K- and Na- varieties of these minerals. The δ OH vibration occurs at a slightly
higher wavenumber whereas ν OH occurs at a slightly lower
wavenumber for the Na minerals compared with the K minerals
in this group. The ν3 mode is split slightly further apart for the
K minerals compared with the Na minerals. Based on these differences the natural jarosite samples studied here are primarily
K-jarosite. This method may be employed in remote sensing
studies where chemical measurements are not possible.

Spectroscopic remote sensing on the Earth and Mars can be
used for detection of aqueous acid weathering processes through
identiÞcation of the VNIR and mid-IR jarosite and alunite bands.
Many of the jarosite and alunite features that occur as strong
bands between 400–1300 cm–1 in transmittance spectra of these
powders are shifted to slightly different wavenumbers and are
weaker in reßectance (or emittance) spectra. Although jarosite/
alunite rocks were not studied here, they would exhibit stronger
mid-IR reßectance (or emittance) bands.
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