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Sulfate Brine Stability Under a Simulated Martian Atmosphere  J Denson1, V. Chevrier1, D.W.G. Sears1, 
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Introduction:  Liquid water is thought to be 

unstable on the surface of Mars. However given that 
the surface conditions are close to the triple point of 
water under the appropriate conditions, liquid water 
could form and remain at least metastable for brief 
periods of time [1]. Various observations of recently 
formed gullies support this hypothesis [2].  

The predictions of the Ingersoll [3] equation agree 
with previous experimental studies addressing the 
evaporation rates of pure water [4] as well as NaCl and 
CaCl2-bearing brines [5]: 
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where E is the evaporation rate in mm/h, Δη is the 
concentration difference at the surface of the sample 
and at distance, ρatm is the atmospheric density, D is 
the diffusion coefficient for water in CO2, g is 
acceleration due to gravity, and ν is the kinematic 
viscosity of CO2.  

Previous studies have shown that brines could 
stabilize liquid water on Mars by lowering the eutectic 
point of the solutions [6], as well as their evaporation 
rate [5]. Recently obtained visible-near infared spectral 
data has added additional support suggesting the 
presence of sulfates on Martian surface [7]. The 
specific goal of this series of experiments is to 
investigate the stability of MgSO4 brines under 
simulated Martian conditions. In the case of sulfate 
brines ions are more highly charged than for NaCl 
solutions [5] therefore ionic interactions will be 
stronger, which should influence the activity of water. 
Evaporative experiments were performed under 
silmulated Martian conditions; 5-7 mbar, pure CO2 
atmosphere and 0°C. 

Conclusions: Numerous experiments were 
conducted to investigate the stability of MgSO4 brines 
of varying concentrations under simulated Martian 
conditions. Crystallization was observed at high brine 
concentrations leading to a dramatic effect on the 
stability of water under these conditions. Therefore, in 
addition to the chemical effect of highly concentrated 
brines, the crystallization of salts strongly sztabilizes 
the brine. The hydration state of these crystals is 
currently being investigated  utilizing X-Ray 
diffraction. This study provides initial evidence that 

sulfate minerals could conceivably serve as a reservoir 
of surface and subsurface water  on the Mars.  

References: [1] Richardson M. I. and Mischna M. 
A. (2005) J. Geophys. Res., 110, doi.10.1029/2004 
JE002367. [2] Heldmann J. L. et al. (2005) J. 
Geophys. Res., 110, doi.10.1029/2004JE002261. [3] 
Ingersoll A. P. (1970) Science, 168, 972-973. [4] Sears 
D. W. G. and Chittenden J. D. (2005) Geophys. Res. 
Lett., 32, doi.10.1029/2005GL024154. [5] Sears D. W. 
G. and Moore S. R. (2005) Geophys. Res. Lett., 32, 
doi.10.1029/2005GL023443. [6] Brass G.W. (1980) 
Icarus, 42, 20-28. [7] Gendrin A. et al. (2005) Science, 
307, 1587-1591.  
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Figure 1. 20 wt% brine solution and fit with the predicted 
Ingersol derived rate for the evaporation of MgSO4.7H2O 
(MS7) and MgSO4.12H2O (MS12),   
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Figure 2. 20 wt% brine solution corresponding with the 
Ingersol equation initially, before diverging with a 
dramatically decreased rate of evaporation. Crystallization 
of the sulfates was observed in the sample. 
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Stony Brook, NY. 3Dept. of Geological Sciences, Univ. of Idaho, Moscow, ID. 4SETI Institute/NASA-Ames Re-
search Center, Mountain View, CA. 5Planetary Science Institute, Tucson, AZ. 

 
 
Introduction:  The alunite mineral group includes 

(among others) six common rock-forming minerals: 
   alunite          KAl3(SO4)2(OH)6 
   natroalunite         NaAl3(SO4)2(OH)6 
   schlossmacherite      (H3O,Ca)Al3[(SO4,AsO4)2(OH)6 
   jarosite         KFe3+

3(SO4)2(OH)6 
   natrojarosite         NaFe3+

3(SO4)2(OH)6 
   hydronium jarosite    H3OFe3+

3(SO4)2(OH)6 
Solid solutions among these six minerals represent 
possible combinations of the cations Al and Fe3+ in the 
6-coordinated site of the structure, and K, Na, and 
H3O+ (hydronium) in the 9-coordinated site. The goal 
of this project is to determine the crystallographic and 
spectroscopic characteristics of these different miner-
als as a function of composition – in the hope that 
compositions might be deduced on the basis of remote 
measurements. We are undertaking XRD, Mössbauer, 
visible-IR reflectance and mid-IR emittance measure-
ments on synthetic compositions within the alunite 
group. 

Samples:  Our initial Mössbauer measurements [1] 
of jarosites focused on samples prepared by [2] and 
spanning the range from K-H3O+-rich jarosites.  Addi-
tional samples were synthesized at SUNY and were 
obtained from the laboratory of A. Navrotsky at UC 
Davis (from [3] and others).  More than 60 different 
compositeons have been synthesized to date and many 
more are planned (Fig. 1). 

Results:  Mössbauer spectra of synthetic samples 
in some cases show the presence of multiple doublets 
(quadrupole splitting distributions) representing multi-
ple nearest and next-nearest neighbor environments 
surrounding the octahedral Fe3+ cations. They have 
parameters of IS (isomer shift) = 0.37-0.39 mm/s in all 
cases, but two groups of QS (quadrupole splitting) 
from 1.13-1.30 mm/s and 0.37-0.97 mm/s. 

Trends between Mössbauer parameters and compo-
sition are most evident with regard to QS.  In jarosite-
alunite and natrojarosite-natroalunite solid solutions, 
low Fe (0.5 pfu) favors high QS (1.30 mm/s), while 
high Fe (3 pfu) gives rise to QS =1.15  mm/s.   In the 
jarosite to hydronium jarosite series, QS increases 
from 1.08 to 1.28 mm/s as K increases from 0.47 to 
0.86 pfu.  However, these trends reflect variations in 
only two of the five possible compositional variables 
for this mineral group.  Combinations of all five vari-
ables (Al, Fe3+, K, Na, and H3O+) do not yet show con-

sistent trends with Mössbauer parameters.  Work is 
ongoing to refine these results and compare them with 
other types of spectroscopic measurements. 

 
Fig. 1.  Ternary diagram of the K-Na-H3O+ system pro-
jected from the jarosite (Fe3+) to the alunite (Al3+) compo-
sition space.  Brophy samples [2] are shown as red cir-
cles, UCD samples as triangles [see text], and SUNY sam-
ples [this study] as squares.  

Implications for Mars: The Mars Exploration 
Rover (MER) Mössbauer spectroscopy team identified 
jarosite in spectra of a layered outcrop in Meridiani 
Planum [4] based on a doublet with quadrupole split-
ting of ~1.22 mm/s (or ~1.20 mm/s at 293K) that was 
assigned to either K- or Na-jarosite with Al possibly 
substituting for Fe in octahedral sites.  The best 
matches of these parameters to samples in our current 
data set include three very different compositions: 

~Na1Fe0.76Al2.24(SO4)2(OH)6, 
~Na0.72-0.78H3O+

0.27-0.19Fe3+
3(SO4)2(OH)6, and 

~K0.67-0.70H3O+
0.29Fe3+

3(SO4)2(OH)6. 
Fe3+ in other sulfates such as botryogen, rosenite, 
sideronatrite, and ferricopiapite may also have these 
same parameters. We hope that further study of our 
new large jarosite-alunite collection will enable us to 
better constrain the composition of the MER results. 

References:  [1] Rothstein Y. et al. (20060  LPSC XXXVII,  
Abstract #1727.  [2] Brophy, G.P. & Sheridan, M.F. (1965)  Amer. 
Mineral., 50, 1595-1607.  [3] Drouet C. et al. (2004) GCA 68(10), 
2197-2205. [4] Klingelhöfer G. et al.  (2004) Science 306, 1740-
1745. 
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Lifetime of jarosite on Mars: preliminary estimates.  M.E. Elwood Madden1 and J. D. Rimstidt2, 1 Oak Ridge National 
Laboratory, Oak Ridge, TN 37830, maddenme@ornl.gov; 2Dept. of Geosciences, Virginia Tech, Blacksburg, VA 
24061, jdr02@vt.edu. 

 
 
Introduction:  Observations of alteration assem-

blages containing sulfate minerals (including  jarosite- 
the focus of this study), iron (hydr)oxides and perhaps 
halides by the Mars Exploration Rovers (MER)  within 
sedimentary rocks at  Meridiani Planum and the Co-
lumbia Hills provide direct evidence that Mars surface 
rocks have been chemically weathered by liquid water 
at some point in their history [1-3]. However, the pres-
ence of jarosite, a metastable phase [4], suggests that 
liquid water was removed from the system before the 
alteration fluid equilibrated with mafic surface materi-
als and reached neutral or alkaline pH  [1], [5], [6]. 
Jarosite will begin to convert to goethite or hematite 
(both of which are thermodynamically stable phases 
relative to jarosite) upon formation, and will continue 
to convert to form an iron (hydr)oxide as long as liquid 
water is present [4]. The presence of jarosite in altera-
tion assemblages at Meridiani Planum and possibly 
Gusev Crater indicates that water was removed from 
these systems before jarosite could fully convert to 
hematite [1]. Using jarosite dissolution rate data avail-
able in the literature we have calculated estimated 
jarosite lifetimes for a range of initial particle sizes.  

Jarosite dissolution rates: Analysis of dissolution 
rates available in the literature and explicit rate studies 
result in a range of dissolution rates differing by nearly 
three orders of magnitude.  Gasharova et al. [7] di-
rectly measured the dissolution rate of jarosite, yield-
ing a rate of 1.45x10-7 mol m-2 s-1 at pH=5.5. They also 
reexamined dissolution data collected by Baron and 
Palmer [8] at pH = 2 and calculated a dissolution rate 
of 3x10-9 mol m-2 s-1. Based on their measurements and 
the recalculated rates from Baron and Palmer, 
Gasharova et al. suggest that the dissolution rate is pH 
dependent. However, dissolution data presented by 
Smith et al. [9] suggests that the rate of jarosite disso-
lution is relatively independent of pH (~ 4x10-10 mol 
m-2 s-1 at pH = 2; ~ 2x10-10 mol m-2 s-1 at pH = 8).  

Estimating particle lifetimes: Assuming that 
each particle is a simple sphere, the lifetime of an indi-
vidual jarosite particle was calculated using the equa-

tion:  
rV

dt
m2

=  

where t is the lifetime of the particle (sec), d is the di-
ameter of the particle (m), Vm is the molar volume of 
the mineral (m3mol-1), and r is the rate of dissolution 
(mol m-2 sec-1).  The resulting particle lifetimes using 
the full range of laboratory dissolution rates found in 

the literature vary from 1-500 years for a 1mm diame-
ter particle (Figure 1). However, dissolution rates in 
the field are often observed to be 2-3 orders of magni-
tude slower than those observed in laboratory experi-
ments [10], suggesting that lifetimes for 1mm particles 
in the field could reach 0.5 million years. In addition, 
lower temperatures and differing jarosite composi-
tions, as well as variations in the pH, ionic strength, 
and hydrodynamics of the aqueous solution may result 
in significant changes in dissolution rates and pre-
dicted lifetimes. The dissolution data available in the 
literature cover a narrow range of temperatures, pH, 
ionic strengths, and compositions. Additional studies 
to determine the dissolution rate of jarosite under 
Mars-relevant conditions are needed to further con-
strain jarosite lifetimes and hence the duration of liq-
uid water in jarosite-bearing sediments.  
 References: [1] Elwood Madden et al. (2004) Nature, 
431, 821-823 [2] Squyers et al. (2004) Science, 
306, 1709-1714. [3] Haskin et al. (2005) Nature, 436, 
66-69. [4] Langmuir (1997) Aqueous Environmental 
Geochemistry [5] Tosca et al. (2005) EPSL, 240, 122 
148, [6] Fernandez-Remolar et al. (2005), EPSL, 240, 
149-167 [7] Gasharova et al. (2005) Chem.Geol, 215, 
499-516, [8] Baron and Palmer (1996) Geochim. 
Cosmochim. Acta, 60, 185-195, [9] Smith et al. 
(2006) Geochim. Cosmochim. Acta, 70, 608-621. [10] 
White and Brantley (1995) Rev. Mineral., 31, 1-21.  

   Figure 1. Preliminary estimates of jarosite particle life-
times on Mars based on laboratory dissolution rates from 
[7-9]. Geochemical reaction rates are often observed to be 
2-3 orders of magnitude slower in the field, resulting in a 
similar increase in particle lifetimes [10]. 
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Introduction:  A variety of sulfates, hydrated 

phyllosilicates, and iron oxides were detected by 
OMEGA/MEX, TES/MGS and the Mars Rovers 
Opportunity and Spirit. These observations provide 
fresh insights into Martian surface processes at a 
specific time of Martian geological history. We 
suggest a mechanism of formation of sulfates and 
associated minerals based on the occurrence of sulfates 
on Mars, the conservation of mass, and the solubility 
of sulfates. We draw conclusions about the role of 
water in regard to Martian surface process and its 
implication for Martian life. 

Background and Discussion: Kieserite 
(MgSO4·H2O) and epsomite (MgSO4 ·7H2O), gypsum 
(CaSO4.2H2O) or bassanite (2CaSO4 ·H2O), and 
copiapite [Fe2+Fe4

3+ (SO4)6(OH)2 ·20H2O] or 
halotrichite [Fe2+Al2(SO4)4·22H2O], and likely halite 
(NaCl) have been detected through hyperspectral 
images in numerous areas of Mars by the ESA 
OMEGA team [1] [2] [3].  Jarosite [KFe3 (SO4)2(OH)6] 
and the iron oxide hematite (Fe2O3) were identified 
through TES/MGS and the Opportunity rover [4].  The 
layered sulfate deposits on Mars as revealed from 
MOC images and the HRSC/MEX camera [1] [2] 
indicate that they were formed by precipitation in 
acidic brine as evaporites. The mechanism is consistent 
with the formation of sulfates essentially occurring on 
Earth, and is difficult to be interpreted otherwise.  

Precipitation of sulfates from brine is controlled by 
the contents of cation and anion solutes, the solubility 
of their aqueous complexes, and temperature, pressure 
and pH value.  Sulfates deposits accumulate when 
sulfates are oversaturated and the solution condenses 
due to evaporation of water or the influx of solutes. 
Solubility of sulfates is the main factor determining the 
sequence of different sulfate deposits given relatively 
constant thermodynamic conditions.  Different sulfates 
have different solubility, which increases from 
magnesium-, calcium-, iron- to aluminum sulfates; the 
main sulfates detected on Mars until now.  
      Metal cations are likely derived from a thick 
mantle of phyllosilicate deposits of weathered basaltic 
crust. Abundant deposits of phyllosilicates and other 
hydrated minerals were detected on Mars, and are 
overlain by volcanic lava flows [5] [6]. The dominant 
sulfates detected are consistent with the major 
components of altered mafic igneous rocks, which are 
Mg, Fe Ca, Al and Na [7].  Anions are presumed to be 
brought up by fluids associated with volcanic activities 

such as near Tharsis Montes, and are thought to be 
dominated by SO4

2-, but Cl- and others anions can not 
be ruled out. A very thin CO2-dominated atmosphere 
may have contributed some CO2 to the initial solution, 
but HCO3

- and CO3
2-are likely negligible. 

 Several lines of evidence indicate that the fluid 
brought up by the volcanic activity between the 
“phyllosian” and “theiikian” era made some relatively 
isolated water bodies very hot and acidic dissolving 
weathered and unweathered basaltic crust.  As water 
evaporated into space and temperatures decreased, 
major metal ions and sulfates became more and more 
enriched and finally became oversaturated. Magnesium 
sulfates such as kieserite and epsomite started to 
precipitate first due to their lower solubility in respect 
to other sulfates. Calcium sulfates such as gypsum 
precipitated following kieserite and overlying it, which 
is indicated by sulfate-rich layered deposit at Juventae 
Chasma, Valles Marineris [1]. Iron sulfates and 
aluminum sulfates precipitated when magnesium and 
calcium were almost fully consumed in the brine. 
Finally, a majority of sulfate ions had likely been 
consumed at this time, thus any remaining iron was 
deposited in form of oxides (the so-called 
“blueberries” detected in Meridiani Planum). Halite 
likely precipitated at this time when chlorine was 
relatively concentrated in solution due to the depletion 
of sulfate ions. The precipitation of sulfates overlapped 
with transient boundaries. 

Conclusion:  The sequence of sulfate formation 
suggests that the Martian surface was warm and 
spotted with standing bodies of liquid water during a 
span of time in Martian early history. Acidic hot water 
bodies may be associated with the origin and 
persistence of life on Earth. If so, the sites on Mars 
with confirmed sulfate deposits are promising targets 
for the exploration of Martian life.  

References: [1] Bibring J.P. et al. (2005) Science, 
307, 1576–1581. [2] Gendrin A. et al. (2005) Science, 
307, 1587–1591.  [3] Langevin Y. et al. (2005) 
Science, 307, 1584–1586. [4] Klingelhofer G. et al. 
(2004) Science, 306 1740-1745. [5] Poulet F. et al. 
(2005) Nature, 438, 623–627. [6] Bibring J.P. et al. 
(2005)  Science, 312, 400–404. [7] Mustard J.F. et al. 
(2005) Science, 307, 1594-1597.  
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RAMAN IMAGING ANALYSIS OF JAROSITE IN MIL 03346.  M. Fries1, D. Rost2, E. Vicenzi2 and A.
Steele2, 1Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Rd. NW, Washington,
DC, 20015 m.fries@gl.ciw.edu, 2National Museum of Natural History, Smithsonian Institution, Washington, D.C.
20013

Introduction:  The nahklite MIL 03346 is an or-
thopyroxene cumulate noted for bearing evidence of
faster cooling than other known nahklites, possibly
indicative of relatively shallow placement in Mars’
crust.  The mesostasis includes hematite, cristobalite
and skeletal olivine-composition silicates within a
feldspathic glass mesostasis.  Recent imaging Raman
analysis has identified jarosite veins crosscutting and
mantling both skeletal and euhedral olivine grains.

Introduction: Raman spectroscopic imaging was
performed at the Geophysical Laboratory using a
WITec α-SNOM customized to include Raman imag-
ing.  Excitation was via a 532-nm wavelength laser
with a pixel size of 360nm2 and spectral resolution of
around 4 cm-1.  Images were collected of mesostasis
assemblages in two MIL 03346 thin sections with
comparable findings.

Results:  Raman imaging identifies silica blebs
noted elsewhere [1] as cristobalite and an unknown
olivine-composition phase intergrown with fayalite [2].
Jarosite is found predominantly in association with
olivine assemblages as both transgranular and mantling
veins.  This mineral was discovered independently
using EMP X-ray mapping, and co-located EMP and
Raman analyses show agreement in phase identifica-
tion and spatial distribution [3].

Discussion:  The origin of jarosite in MIL 03346
cannot be definitively determined from current data,
although Herd’s [3] observation that jarosite veins
crosscut iddingsite alteration products may imply a
Martian origin.  Additionally, Raman imaging meas-
urements seem to show that jarosite resides only within
MIL 03346 mesostasis, arguing for formation by small
scale alteration of mineralogy rather than by jarosite
aqueous transport.  It should be noted that this obser-
vation does not preclude jarosite deposition through
terrestrial aqueous alteration, and jarosite has been
noted in Antarctic micrometeorites [4]. This indicates
that a mechanism exists for jarosite formation via Ant-
arctic melt water infiltration.  Further work, perhaps by
isotopic analysis methods, will be necessary to estab-
lish the origin of this mineral.

References: [1] Anand M et al (2005) LPSC
XXXVI Abstract 1639, [2] Rost D., Vicenzi E., Fries
M. and Steele A., (2006) LPSC XXXVII Abstract
2362. [3] Herd C., This volume. [4] Osawa et al (2003)
MAPS 38, pp. 1627-1640.

Figure 1.  Upper figure: Reflected light microscopy
image of MIL 03346 skeletal olivine assemblage with
Raman image overlay.  The red/yellow image is a
jarosite 1010 cm-1 peak intensity map showing phase
distribution.  Note the presence of jarosite as a crack-
filling material. Center figure: Variation of Raman O-
H stretch mode for the same image, indicating minor
variation of (OH-) concentration.  Lower figure: An-
notated Raman spectrum of jarosite from MIL 03346.
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Our group has been studying the fumarolic envi-

ronment of the Sulphur Springs, St. Lucia, W.I., since

2000 [2,3,4].  In 2004, we discovered jarosite at sev-

eral locations within the caldera and have been con-

ducting a detailed survey of its occurrences and ab-

sence throughout the bubbling mudpots and boiling

pools of the site.  Jarosite is currently forming at sev-

eral locations, affording us the opportunity to not only

collect jarosite in its geological and microbiological

context, but the waters from which it forms.  We have

been able to apply a dizzying array of techniques to

study jarosite, both in the field and in the laboratory

(e.g. SEM/EDS, EPMA, vis/NIR, XRD, Mössbauer,

SIRMS, IC, ICP-AES, ICP-MS).  This has given us

greater appreciation for the difficulty of extracting use-

ful information regarding jarosite and past fluid activ-

ity on Mars from limited remote spacecraft observa-

tions.

Jarosite on Mars vs. St. Lucia: To form jarosite

in any environment, several basic ingredients are nec-

essary.  Low pH, high fO2, Fe
3+

 and SO4 in solution are

all needed.  What also seems necessary is a lack of

buffering capacity of the existing strata.  In St. Lucia, a

highly silicized andesitic to dacitic tuff is the dominant

rock type that jarosite forms veins in, away from the

main fumarolic area.  In the main fumarolic area,

jarosite exists as encrustations on the top surfaces of

exposed rocks and cobbles.  One location, dubbed Iron

Mountain Terraces (IMT), is especially illuminating as

goethite forms on jarosite-rich rocks.  In this sample,

jarosite does not appear to be breaking down to form

goethite, but goethite appears to be precipitated as lay-

ers on the existing jarosite-bearing strata.  This calls

into question wheter a genetic relationship between

jarosite and iron oxide (hematite) exists at Meridiani,

or as is the case in St. Lucia, changing fluid conditions

lead to a change in how iron precipitated from solution

(at St. Lucia, rainfall events lead to higher pH fluids,

which precipitate goethite vs. jarosite during wetter

times).

Determining the composition and water content of

jarosite in St. Lucia has been challenging.  For exam-

ple, Mössbauer parameters on newly formed jarosite

(<1 year) closely resemble those of a synthetic jarosite

w i t h  a  c o m p o s i t i o n  o f

K0.70Na0.01(H3O
+
)0.29Fe3(SO4)2(OH)6 [5].  Rietveld re-

finement to determine unit cell parameters are in broad

agreement with Mössbauer of this sample, but quanti-

tative electron microprobe results were not possible

due to the fine-grained and hydrous nature of the the

jarosite.  EPMA has been very difficult on all samples

of jarosite at St. Lucia due to the hydrous and fine-

grained character of this mineral.

Stable isotope studies of jarosite were found to be

necessary to elucidate the conditions of jarosite forma-

tion at St. Lucia [3].  On Mars, this will likely neces-

sitate sample return, and will be a difficult geochemi-

cal problem due to mass-independent sulfur and oxy-

gen isotope systematics. An advantage of studying

jarosite from St. Lucia is that we can undertake studies

of the fluids from which jarosite likely precipitates.

Fluid geochemical analyses and modeling combined

with stable isotope studies of these fluids (!
18

O and !D

of water; !
34

S and !
18

O of dissolved SO4 and !
34

S of

dissolved H2S) allow us a window into jarosite forma-

tion that will likely never be possible at Mars. Yet, we

still have difficulties understanding many aspects of

jarosite formation in St. Lucia. Current work is now

focused on understanding the stable isotopes of water

in various sites within the jarosite structure in hope of

using the oxygen in sulfate and OH geothermometer

[6].

Summary:  Jarosite forms in a number of different

settings at St. Lucia.  Evaporation of acidic fluids is

one mode of current jarosite formation.  Jarosite for-

mation in veins in porous rock is another mode. We

see no evidence of jarosite being hydrolyzed to iron

oxides at this site. Iron oxide minerals instead precipi-

tate from solutions that have been diluted by recent

rain. At Meridiani, jarosite formation is likely AFTER

hematite concretions due to the instability of jarosite in

putative Martian brines [7].  Jarosite mineralization

after hematite concretion is in keeping with the time-

line of Bibring et al. (2005) [8], which calls for a

planet-wide acid-sulfate event after a more circum-

neutral to basic hydrosphere.

References: [1] Klingelhöfer G. et al. (2004) Science,
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(2006) LPS XXXVII Abstract# 2216. [6] Rye R. O. (2005)

Chem. Geol. 215, 5-36. [7] Barrón et al. (2006), this meeting.
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Introduction:  Cathodoluminescence (CL) is an emis-
sion of the visible light stimulated by high energetic 
electrons. In the previous studies of CL properties of 
the Martian meteorites, it was demonstrated that its 
detection system provides a more complete investiga-
tion of specific minerals [1,2]. The main purpose of 
this study is to provide detailed mineralogical informa-
tion on the phosphates in Martian meteorites, espe-
cially in nakhlites.. 

Samples and Experimental Procedure: We stud-
ied a polished thin sections of the Y000593 nakhlite 
Martian meteorite supplied from the National Institute 
of Polar Research (NIPR, Tokyo, Japan). SEM-CL 
imaging and CL spectral analyses were performed on 
the selected thin sections coated with a 20-nm thin film 
of carbon in order to avoid charge build-up. SEM-CL 
images were collected using a scanning electron mi-
croscope (SEM), JEOL 5410LV, equipped with a CL 
detector, Oxford Mono CL2, which comprises an inte-
gral 1200 grooves/mm grating monochromator at-
tached to reflecting light guide with a retractable 
paraboloidal mirror. The operating conditions for all 
SEM-CL investigation as well as SEM and backscat-
tered electron (BSE) microscopy were 15 kV acceler-
ating voltage, and 3.0-5.0 nA beam current at room 
temperature. CL spectra were recorded in the wave-
length range of 300-800 nm, with 1 nm resolution by 
the photon counting method using a photomultiplier 
detector, Hamamatsu Photonics R2228. 

Results and Discussion:  Apatite (Ap) was found 
as a mesostasis mineral in the nakhlite meteorite, 
which occurs in veins between mostly clinopyroxene 
(Cpx) and plagioclase (Pl). Detailed mineralogical 
description of the Y-000593 nakhlite can be found in 
Imae et al [3]. This mineral appears in the nakhlite as 
yellow CL color in the Luminoscope images and CL-
bright areas in the SEM-CL images. The CL spectral 
results are preliminary and the peaks have been identi-
fied as indicated by the previous CL spectral analysis 
of apatite [4-7]. These results indicate that apatite is 
chloroapatite, which is an anhydrous phosphatecon-
taining unfamiliar anions F, Cl, O, OH, cations of me-
dium and large size: Mg, Cu, Zn, and Ca, Na, K, Ba, 
Pb. 

 Conclusion: Consequently, the more aspect is that CL 
spectroscopy combined with SEM-CL imaging is a 
potentially powerful technique in the study of phospa-
hets. We would also like to demonstrate that CL tech-
nique can play a key role in the in-situ investigations 
of records of the atmospheric-fluid-rock interactions 
such as formation of sulphates, carbonates, and phos-
phates. 
In our study of cathodoluminescence properties of the 
apatite of the nakhlite sample, we did not observe any 
new phases of this mineral occurred at high tempera-
ture. 
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Introduction: An occurrence of jarosite in the 

Miller Range (MIL) 03346 nakhlite was suggested by 
electron microprobe (EMP) X-ray mapping [1], and 
has been confirmed by Raman spectroscopy [2]. This 
study involves a ToF-SIMS investigation of the distri-
bution of a variety of trace elements among jarosite, 
iddingsite, and igneous phases.   

Methods: Alteration products in MIL 03346 are 
typical of iddingsite in the nakhlites [3]; those associ-
ated with skeletal, fayalitic (Fa88) mesostasis olivine in 
MIL 03346, 165 were examined in detail. The pres-
ence of jarosite in this area was confirmed by Raman 
spectroscopy following the method of [2]. An ION-
TOF IV (GmbH) Time-of-Flight Secondary Ion Mass 
Spectrometer (ToF-SIMS) was used to obtain positive 
and negative ion maps using a ~ 1 pA Ga primary 
beam. Integration times ranged from 20 to 60 minutes. 
Maps of a wide range of elemental and molecular ions 
were obtained with a resolution of < 1 µm. 

Results: The distribution of jarosite from Raman 
mapping (according to [2]) agrees well with the distri-
bution inferred from EMP X-ray mapping produced 
using image operations with the ImageJ software (K 
AND Fe AND S MINUS Si), as well as the distribution of 
K and SO4

2- ions from ToF-SIMS (Fig. 1). Jarosite 
occurs along fractures and grain boundaries, cross-
cutting iddingsite alteration. 

Is it martian? Jarosite has been reported as an al-
teration product within Antarctic chondritic microme-
teorites and the Yamato 793605 martian meteorite 
[4,5]; in both cases it is interpreted as the result of Ant-
arctic aqueous alteration. Further studies are required 
to establish the origin of the MIL 03346 jarosite. Its 
presence implies oxidized and acidic conditions of 
aqueous alteration by S-rich brines [6]. Jarosite post-
dates iddingsite formation, possibly reflecting evolu-
tion of the hydrothermal system from neutral to acidic. 

Implications for a record of surface processes 
on Mars: Regardless of its origin, the MIL 03346 
jarosite can be used to investigate the potential of 
jarosite as a recorder of martian fluid-rock-
atmospheric interactions, and as a K-Ar, U-Pb or Rb-
Sr chronometer  [6]. ToF-SIMS mapping of K, U, Pb, 
and Rb in MIL 03346 confirms the potential use of K-
Ar in jarosite, but significant U, Pb or Rb was not de-
tected (Fig. 2). U appears to correlate more with id-
dingsite than with jarosite, and Rb with late-stage K-
rich melt. 
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Figure 1. (a) EMP X-ray ‘jarosite’ map (green) super-
imposed on a BSE image, (b) Raman jarosite map, and 
ToF-SIMS maps of (c) K and (d) SO4

2- ions. 

 
Figure 2. ToF-SIMS maps of Al, U, Pb and Rb, corre-
sponding to the area shown in Figures 1c and 1d. 
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Introduction:  As the exploration of our solar system 
expands and questions about possible environments that 
currently or previously harbored life arise, the necessity to 
have strategies for determining preservation potentials of 
biotic and abiotic organic molecules becomes imperative.  
Very little is known about the sequestration of these mole-
cules as dissolved ions in fluid inclusions and interfacial 
water or sorbed in solid materials such as salt precipitates.  
The detection of sulfate mineral salts on the Martian surface 
by Viking and verification by MER data and orbital spectro-
scopic instruments emphasizes the need to understand the 
preservation and possible catalytic activity of biologically 
relevant and detectable signatures in these environments.  
Therefore, a series of experiments is currently underway 
with preliminary work characterizing the distribution and 
sequestration of amino acids during diurnal cryo-evaporitic 
cycles under the low-pressure carbon dioxide atmosphere, 
radiation, and temperature found on the surface of Mars. We 
will focus directly on 1) effects of UV radiation on hydra-
tion, dehydration, and solvation of amino acids in sulfate 
evaporites; 2) catalytic properties of sulfate minerals for 
potential polymerization; 3) crystal boundaries and fluid 
inclusions as sites for preservation of organic molecules; and 
4) rates of amino acid racemization and degradation. 
Experimental:  Micromolar amounts of  glycine, L-
alanine, L-valine, L-aspartic acid, and L-glutamic acid, rep-
resentative of some 107 cells/mL of sample [1, 2] are sus-
pended in end-member, carbon dioxide equilibrated brine 
solutions representative of the ion concentrations reported to 
exist in an aqueous environment in Martian regolith or bed-
rock. These minerals include augite, anorthoclase, forsterite, 
ilmenite, pyrite and chlorapatite, as well as olivine-bearing 
basalts [3, 4]. Brines spend two to three weeks in a Martian 
simulation chamber exposed to a low- pressure carbon diox-
ide atmosphere consistent with that suspected on Mars at a 
pressure of 10-15 mbar.  Twelve-hour light and dark cycles 
with UV radiation from UV-C upward at a flux of 50 μEin-
steins will imitate a Martian day cycle. Temperature end-
points approach 9-10oC inside the chamber during the light 
hours and -80oC in the dark hours.  This cyclic thawing, 
hydration and freezing of samples will provide insight into 
the role of water vapor and atmospheric interactions in the 
preservation of organic molecules. Samples will be removed 
and analyzed for mineral phase data using X-ray diffraction 
and amino acid characterization with gas chromatography, 
gas-chromatography mass spectroscopy, and high perform-
ance liquid chromatography. 
Preliminary Results:  Initial chromatographs indicate 
degradation of amino acids suspended in aqueous inorganic 
solutions under the Martian UV spectra at an intensity of 4.5 
μEinsteins.  Trace amounts of L-valine and L-alanine remain 
in solution, as well as numerous unidentified degradation 
products (Figure 1).  In samples exposed to the diurnal tem-
perature cycles only, and for those samples exposed to little 

or no (<0.1 μEinsteins) 
terrestrial ultraviolet 
radiation, an unidentified 
product with retention 
times between 3.5 and 4 
minutes appears in con-
centrations greater than any of the individual amino acids 
alone (Figure 2).  The retention time is less than L-glutamic 
and L-aspartic acids, indicating that glycine may be the pri-

mary reagent.  The fluctua-
tions in product retention 
times may be due to random 
polymerization of the product 
length.  
Mineral Analysis: Mineral 

analysis of the evaporated samples by X-ray diffraction pro-
vides interesting results on the crystal structure of the pre-
cipitated brine salts.  Samples were cryogenically evaporated 
in a low-pressure system to obtain suspected crystalline in-
organic salts and organic residues.  X-ray diffraction meas-
urements made at room temperature and relative humidity 
near 35-38% showed no evidence for crystalline salts, both 
in the Mars brine analogs alone and in the Mars brine ana-
logs laced with the amino acid mixture (Figure 3).  The lack 
of simple crystalline salts upon evaporation implies that 
some mechanism prevented crystallization; this may be in 
part being due to the presence of the organic constituents and 

experimental conditions.   
Conclusions: The pres-
ence of unidentified 
product with retention 
times different than those 
of any of the initial amino 
acid standards indicates 
that low UV levels may 
play a role in the ran-

domization of amino acid hydrolysis products and act as an 
energy source for polymerization.  The addition of brine 
solutions would seem to play little to no part in any preserva-
tion mechanism for amino acids against UV radiolysis but 
may act as catalysts for the formation of random polymeriza-
tion products.  This could play an important role in subsur-
face environments where regolith can block the majority of 
UV radiation.  Subsurface environments on Mars may be 
characterized by large amounts of randomly polymerized 
organic matter, spurred by low temperature and low-level 
ultraviolet radiation.  
References: [1] Kminek, G., Bada, J.L. (2006).   Earth & 
Planet. Sci.,  In Press.[2] Anton, J., Rossello-Mora.  (2000)  
Appl. & Environ.Microbiology,  66, (7), 3052-3057.  [3] 
Bullock, M.A., Moore. (2004)  Icarus, 170, 404-423. [4] 
Tosca, N.J., McLennan, S.M.  (2006).  Earth & Planet. Sci., 
241, 21-31. 
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Introduction: Data recently returned from Mars
suggest that sulfur may have played a significant role
in the planet’s evolution [1,2]. We present results from
a model for sulfur delivery to the Martian surface with
a special focus on the greenhouse warming effects of
H2S and SO2.

Sulfur Volatile Release: Volatile degassing asso-
ciated with the formation of the Tharsis igneous prov-
ince, a volume of 3x108 km3 thought to be largely em-
placed by the end of the late Noachian [3], almost cer-
tainly affected the early climate. As it remains unclear
to what extent the more deeply intruded magma in the
Tharsis province communicated with the atmosphere,
we explore the consequences of sulfur volatiles on
climate following large, discrete volcanic events.

Sulfur solubility:  Using a batch melting model we
obtain a high sulfur solubility in Martian silicate melts
in equilibrium with metal sulfide [4]. Because of the
unique negative pressure dependence for sulfur solu-
bility that dominates the positive temperature depend-
ence in systems that contain FeO, sulfur from immisci-
ble metal sulfide blebs will begin and continue to dis-
solve directly into the silicate melt as soon as decom-
pression melting commences. At the base of the litho-
spheric lid, a final equilibration will take place before
the liquid melt is advected to the planet’s surface.
While significant cooling in passage through the crust
could affect the Sulfur Solubility Limit (SSL), here we
assume that chemical and thermal halo effects insulate
the magma. In calculating the SSL in liquid silicate
conditions, we use the formula:

ln SSL( ) = A
T
+ B + C

P
T

⎛
⎝⎜

⎞
⎠⎟
+ D ⋅nbo / t + lnaFeS

sulfide

SSL is in ppm, T in Kelvin, and P in bars [5]. Constants
A, B, C and D are derived from a fit to experimental
data [6]. nbo/t, the ratio of non-bridging oxygen anions
to tetrahedrally coordinated cations, is found using
APXS compositional results from Gusev Crater basalts
[7]. Petrology experiments on a Gusev basalt compo-
sition document a three-phase multiple saturation of ol
+ opx + spi near the liquidus at 10 kbars and 1583 K
[8], giving rise to a sulfur solubility of ~1400 ppm.

Tharsis-radial dikes: We investigate two models
for the volume of lava thought to be rapidly emplaced
by dike intrusions associated with Tharsis-radial gra-
ben: a lower bound “Hanna Model,” 1500 km3 [9]; and
an upper bound “Wilson Model,” 60,000 km3 [10].

Warming Results: For both H2S and SO2 end-
members for the exsolved sulfur volatiles associated
with these events, we find the additional greenhouse
warming from absorption in wavelength windows
complimentary to CO2. Using Mars-WRF , a three-
dimensional GCM adapted for Martian conditions, we
incorporate conservative model assumptions and a
faint young Sun approximation (75% present-day lu-
minosity) to investigate these sulfur volatile influxes
into both dry and H2O-saturated 50 mb and 500 mb
background CO2 atmospheres. Results from annually
averaged surface temperatures indicate additional at-
mospheric heating of 0-15 K from H2S pulses, 5-25 K
from SO2 pulses (Fig. 1), and localized conditions con-
ducive to the presence of transient liquid water.

Conclusion: It appears that large, episodic releases
of sulfur volatiles early in Martian history may have
contributed to the generation of sufficient warming to
accord with the geologic evidence for near-surface
liquid water. Photochemical modeling is underway to
determine the lifetime of these warming events.

Fig. 1: Additional SO2 warming in K, “Wilson
Model” volatile pulse into a 500 mb CO2 atmosphere.
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Introduction: A primary goal of missions to Mars 

is to explore for extraterrestrial life and one way to 
focus such a search is to find evidence for water (solu-
tions). It is necessary to use indirect clues to trace mar-
tian solutions because water is not stable for extended 
periods of time under current surface conditions. Solu-
tions that have dissolved and precipitated minerals 
may be evidenced by distinctive morphology, surface 
chemistry and mineralogy. Theoretical (thermody-
namic and phase equilibria) approaches allow us to 
place constraints on the initial solution composition(s).  
From these starting compositions, we may predict 
equilibrium mineralogy of precipitates, evolution of 
solution compositions, environmental conditions, and 
variations locally and temporally on the martian sur-
face. 

Significant predictions from theoretical models: 
1) Solutions on Mars are not like terrestrial seawater: 
To a first approximation, the surface of Mars is com-
posed of mafic-ultramafic rocks and secondary miner-
als (including salts and nanophase iron phases). Using 
this system, theoretical models assume that martian 
solutions are derived from fluids interacting with ma-
fic-ultramafic rocks [1-6]. Resultant solutions are Mg-
Na-(Ca-Fe)-SO4-Cl-rich and are unlike modern terres-
trial seawater resulting in different geochemical path-
ways [3, 5]. Mg-Na-(Ca-Fe)-SO4-Cl-rich solutions 
may be stable liquids on Mars' surface due to low 
eutectic temperatures (cf., Mg-SO4-H2O and Na-SO4-
H2O systems [7]). These solutions may then be con-
centrated (e.g., via evaporation or freezing) and upon 
removal of water and/or supersaturation of solutions, 
secondary minerals are formed. A sequence of salts 
may then be predicted [2-6] and compared with ob-
served mineral assemblages and bulk compositions. 

2) Solution compositions may vary with depth on 
Mars Mg-Na-SO4-Cl-rich salts dominate Mars' surface 
[review in 5] and carbonates have not been unambigu-
ously identified on the martian surface [10], despite the 
CO2-bearing atmosphere [see 2, 5]. In contrast, the 
SNC (Shergottite-Nakhlite-Chassignite) meteorites, 
thought to come from Mars' subsurface, contain the 
sequentially crystallized salts: Ca-Mg-phosphate, Fe-
Ca-Mg-carbonate, Ca-sulfate-(hydrate) through Na-
Mg-(Ni)-sulfate, with minor chlorides and nitrates [8, 
9]. The lack of carbonate at the surface, but occurrence 
in the subsurface with a distinctive salt sequence may 
be reproduced by theoretical models assuming that at 
different depths the solutions: a) are at different stages 
of evolution [5]; or, b) formed in distinctive geochemi-
cal environments [11]. 

 3) Environmental conditions may vary on Mars 
Salt sequences and solution compositions are signifi-
cantly affected by pH, the partial pressure of CO2 and 
O2, and the activity of sulfur compounds [1-5, 11-18]. 
Of these variables, the treatment of pH is one of the 
major differences between models, with some authors 
emphasizing acidic conditions in a "recent" acid fog 
model [6, 12, 13] and others allowing pH to vary via 
leaching models [2, 4, 5, 11]. In recent acid fog mod-
els, Fe and Al are held in solution [12] and carbonates 
are destroyed [14, 15]. In variable pH models, the so-
lutions evolve to high pH conditions [4, 11], and at 
neutral to basic conditions Fe phases (e.g., hematite or 
siderite) precipitate, depleting the solution in Fe. 

Challenges in theoretical modeling: 1) Most 
thermodynamic models use data at standard tempera-
ture and pressure which is adequate, but data at mar-
tian conditions may be more appropriate [16]. 2) 
Thermodynamic models do not consider reaction ki-
netics which may be significant on Mars, particularly 
for Fe-bearing phases [14]. 3) Reactions may be ob-
scured by open system processes such as, episodic 
aqueous events and varying water:rock ratios [17]; Si-
rich coatings [4]; and physical processes that may dis-
turb mineral assemblages (e.g., dust storms & impact 
events). 4) There are few unique solutions for the for-
mation of surface mineral assemblages on Mars. For 
example, in the Columbia Hills the rocks may form by 
adding minerals, weathering at neutral-basic or acidic 
conditions, or adding a primitive to evolved brine [18]. 
To distinguish between different hypotheses it is nec-
essary to examine textural evidence for the salt pre-
cipitation sequence in situ on the martian surface [18]. 
 References: [1] Burns, R. G. (1988) LPS XVIII, 713. 
[2] Catling, D. C. (1999) JGR 104, 16453. [3] King, P. L. 
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Rev. 96, 365. [9] McSween, H. Y. & Treiman, A.H. 
(1998) Rev. Mineral. 36, Ch. 6. [10] Stockstill K. R. et al. 
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SULFATES AND OTHER SALTS ON THE MARTIAN SURFACE HAVE THEIR SOURCE DEEP IN THE 
CRUST.  G. G. Kochemasov, IGEM of the Russian Academy of Sciences, 35 Staromonetny, 119017 Moscow, 
Russia, kochem@igem.ru 
          
     Sulfate crusts  (Opportunity) [1-7 and others] and crumbly covers on rocks (Spirit) are hypergene in origin.  They 
have to have a sulfur source in igneous rocks either on surface (Spirit) or deep in the highland crust (Opportunity). 
The alkaline thinly layered rocks at Columbia Hills are rather rich in sulfur, chlorine, bromine (maybe, fluorine that 
cannot be detected by APXS), thus the source of anions  for light (white) mainly sulfate minerals discovered under 
thin reddish eolian deposits  is more or less clear. Cations are Mg, Fe, Ca –elements also abundant in underlying 
rocks. Na and K also form secondary minerals but they are not so widespread  because they are probably more easily 
leached under martian varied moisture conditions. (Veneers of Na and Fe sulfites-thenardite, rozenite, melanterite- 
are known on fresh blocks of excavated agpaites and miascites at Lovozero and Khibiny alkaline massifs, Kola 
Peninsula).  
     On Opportunity Planum  the flatly lying eolian Burns formation [4, 7] is densely “peppered” with white spots 
representing salt depositions(mainly sulfates) around and inside of craters of various sizes. Some planetologists see 
in them traces of impacts but an unprejudiced sight at the image below {PIA05485, MOC image of MGS, Meridiani 
Plains] shows that the “holes’ with white halos prefer to follow a few intersecting directions (N-S, NW, NE, W-E) 
and thus reflect well known in planetology system of cracks (faults) developed in rotating bodies. Some holes, 
nevertheless, could be impacts. In any case these holes –real channels into underlying depths give way to surface for 
crustal hydrothermal solutions. These solutions rich in S, Cl, Br, K, Na, Mg, Ca, Fe (the last three elements can be 
taken from crossed basic sills or covers) penetrate not very compact eolian  sandy deposits and weathered rocks and 
cement them  by salts (mainly by sulfates). Some salts can be deposited in small  temporary  inter-dune and crater 
“lakes” formed by excessive outpourings. Further eolian activity during eons can break these salty deposits and 
redeposit them in form of sandy fragments mixed with eolian and more large rock fragments.  
         But where lies a source of these solutions so rich in metals, alkalis, volatiles ? Most probably deep in the crust . 
What kind of igneous lithologies composes the continental martian crust? There are a few constraints for its 
composition. First of all, it must be built of light not dense material to explain nearly even gravity over the whole 
martian surface. Then, it has to be rich in water or constitutional water to explain sporadic hugh outpourings of 

liquids onto surface producing large and small 
gullies and valleys. Then, it has to be rich in other 
volatiles and alkalis, particularly in S, Cl, Br, Na, K, 
possibly F.  Obviously, basalts are not fit for these 
constraints. Earlier [8 and others] we proposed the 
light not dense crust composed of alkalic rocks like 
syenites, albitites and granites. Now nepheline-
normative rocks and alkali basalts are found at 
Columbia Hills [9-12] –an outlier of highland rocks. 
Perfectly fit for above constraints low density 
feldspathoids like sodalite  (hackmanite) and nosean, 
rich in  S, Cl, and normally associated with them 
zeolites {OH) [13]. Containing them rocks –foidites 

thus have the constitutional water and hidden in feldspathoids salts. It is very probable that martian foidites contain 
also free salts as these low density substances diminish an overall rock density what is necessary for building very 
high standing martian southern highlands. The highlands can include dykes and sills of basic rocks and large layered 
basic massifs like Bushveld in Africa and covered by plateau-basalts (Meridiani Planum?). Signs of basic rocks are 
seen by the instruments of MGS, Odyssey, MER (Fe, Mg, olivine, pyroxenes are easily detectable).  
         References:         [1] Squyres S.W., Arvidson R.E., Bell III J.F. et al (2004) Science, v. 306, # 5702, 1698-1703; [2] Rieder R., Gellert 
R., Anderson R.C. et al. (2004) Ibid.,1746-1749; [3]Christensen P.R., Wyatt M.B., Glotch T.D. et al. (2004) Ibid., 1733-1739; [4] Squyres S.W., 
Knoll A.H. (2005) Earth & Planetary Science Letters, v. 240, Issue 1, 1-10; [5] Clark B.C., Morris R.V., McLennan  S.M. et al. (20050 Ibid., 73-
94; [6] Tosca N.J., McLennan S.M., Clark B.C. et al. (2005) Ibid., 122-148; [7] Grotzinger J.P., Arvidson R.E., Bell III J.F. et al. (2005) Ibid., 11-
72; [8]  Kochemasov G. G. (1995) Golombek M.P., Edgett K.S., Rice J.W. Jr. (Eds). Mars Pathfinder Landing Site Workshop II: Characteristics 
of the Ares Vallis Region and Field trips to the Channeled Scabland, Washington. LPI Tech. Rpt. 95-01. Pt.1.LPI, Houston, 1995, 63 pp.; [9] 
Gellert R., Rieder R. Bruckner J. et al. (2006) JGR Planets, v.111, #E2, E02S05; [10] Ming D.W., Mittlefehldt D.W., Morris R.V. et al. (2006) 
Ibid., E02S12; [11] Squyres S.W., Arvidson R.E., Blaney D.L. et al (2006) Ibid.,E02S11; [12] McSween H.Y. et al. (2006) JGR Planets, 
submitted; [13] Kochemasov G.G.(2006)(abs.), posted Feb. 2006 in a Workshop on Martian Water: Surface and Subsurface, NASA Ames 
Research Center, Moffett Field, California, Febr. 23-24, 2006 at 
http://es.ucsc.edu/~fnimmo/website/mars2006.html, 
<http://es.ucsc.edu/%7Efnimmo/website/mars2006.html>.  
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DISSOLVED SULFATE ANALYSIS ON THE 2007 PHOENIX MARS SCOUT MISSION.  S. P. Kounaves,  
S. M. M. Young,  J. A. M. Kapit, and The Phoenix Team, In-Situ Planetary Chemical Analysis Lab, Department of 
Chemistry, Tufts University, Medford, MA  02155 USA. 

 
 
Introduction:  Sulfate is of paramount importance 

in understanding both Mars’ geochemistry and its abil-
ity to support past or present microbial life.  Elemental 
sulfur has been detected on Mars using a variety of 
X-ray methods, both in situ by Viking [1], Pathfinder 
[2], and the two MERs [3,4], and most recently from 
orbit by OMEGA [5].  From the returned data it has 
been hypothesized that that the predominated form of 
sulfur is sulfate.  These X-ray methods though are not 
able to resolve whether sulfur exists in its elemental 
form or as sulfide, sulfate, sulfite, or any other form. 
Thus, it is important to ground truth the existence of 
sulfate and also determine which cations are associated 
with the it. Carrying out such wet chemical analyses 
on Mars is challenging and no landed mission to date 
has  attempted to determine soluble ionic species in the 
Martian regolith. 

The Wet Chemistry Lab:  The 2007 Phoenix in-
cludes, as part of the Microscopy, Electrochemistry, 
and Conductivity Analyzer (MECA), four Wet Chemis-
try Labs (WCL) [6].  Each WCL is composed of an 
upper and lower assembly. The lower “beaker” con-

sists of an array of 
sensors for meas-
uring pH, Eh, con-
ductivity, redox 
species via cyclic 
voltammetry, hal-
ides via chronopo-
tentiometry, heavy 
metals via anodic 
stripping voltam-
metry, and dis-
solved ions  via ion 
selective electrodes 
(ISE).  The ionic 

species to be determined include Ca2+, Mg2+, K+, Na+, 
NH4

+, Cl-, Br-, I-, NO3
-, and SO4

=.  The upper assembly 
consists of a leaching solution reservoir (water and the 
first calibrants for the sensors), a 1cc sample drawer, 
and a reagent dispenser that  holds five crucibles, in-
cluding one for a second calibrant, another for an acid, 
and three with barium chloride for determination of 
sulfate.  

During the first sol, the analysis consists of the 
WCL receiving a sample of regolith (soil) from the 
robotic arm, adding the initial leaching solution, taking 
data, adding a second calibrant, taking data, then add-
ing the soil sample. After equilibration and data collec-
tion, the sample will freeze overnight.  On the second 

sol, the acid will be added, data collected and then the 
sulfate will be determined.  

Sulfate Analysis:  Design and fabrication of the 
WCL posed many challenges, but the lack of a viable 
sulfate specific sensor introduced even greater compli-
cations.  While a couple of sulfate ISEs have been de-
scribed in the literature, their responses in solutions 
other than where all anions are either absent or chemi-
cally or physically removed, have been dismal. Thus, it 
would be difficult to obtain a reliable sulfate analysis 
of a  regolith sample with such sensors.   

The WCL overcomes this analytical problem by 
exploiting the fact that, even under acidic or basic con-
ditions, barium and sulfate form an insoluble precipi-
tate of barium sulfate.  Thus, following the extensive 
analyses of the leached regolith sample, the final phase 
of the analysis will determine sulfate via a barium ti-
tration using the Ba2+ ISE.  Via the last three crucibles, 
measured amounts of BaCl will be added to the sam-
ple.  The Ba2+ will react with any dissolved SO4

= and 
precipitate as BaSO4.  The Ba2+ sensor will measure 
the barium remaining in solution, and by simple sub-
traction, provide how much precipitated with the sul-
fate, i.e. how much sulfate was present.  With respect 
to the 1 gram sample of Mars regolith, the first barium 
addition can precipitate up to 6% sulfate, the second 
addition extends the measurement to 12%, and the 
third to about 18%. 

In preparation for the Phoenix mission, we are cur-
rently characterizing all the sensors, including the 
complete electroanalytical method for determining 
sulfate via the barium standard subtraction method 
using the Ba2+ ISE.  Characterization will include a 
variety of standard solutions, geological Earth sam-
ples, Mars simulants, and sawdust from the 
EETA790001 Martian meteorite.  We will be deter-
mining a variety of Ba2+ sensor response characteris-
tics such as the limits of detection, interferences, and 
other constraints imposed by the Martian environ-
mental conditions.  In addition, we will also develop a 
response library to aid in the interpretation of the data. 
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Introduction:  Terrestrial alunite and jarosite crys-

tals contain fluid inclusions which retain the active and 
noble gas compositions of parent fluids. Data on these 
fluids provide critical clues to the geochemical envi-
ronment of their formation. Jarosite has been recog-
nized on Mars (alunite, the K-Al analog of jarosite, 
likely is present as well). Thus, jarosite (and alunite) 
can be viewed as fluid ‘sampling devices’ in planning 
future Martian exploration and sampling strategies. 
Fluid inclusions potentially ‘record’ the volatile com-
position of sulfate-forming parent fluids. When cou-
pled with stable isotope geochemistry and argon geo-
chronology ages, data on these fluids can be inter-
preted in terms of their source(s) and evolution from 
deep origins and modifications with ascent into the 
near-surface to surface environments during sulfate 
formation, and over billions of years of exposure to 
Martian hydrosphere and atmosphere .  

Fluid Inclusions and Diffusion:  Active (N2, CH4, 
CO, CO2, H2, O2, HF, HCl, H2S, SO2, and light chain 
hydrocarbons) and noble (He, Ne, Ar) gases have been 
detected in micron-sized inclusions [1] of fluid (aque-
ous liquids to low-density vapor-gas) that were trapped 
in alunite during formation (figure 1).  

 

    
Figure 1. (Left) Magmatic Steam alunite, Cactus, NV. Vapor-

dominate 0.9 µm elongate fluid inclusion with 0.2 µm hematite 
nuclei. (Right) Two-phase liquid-gas inclusion, El Indio, Chile 
alunite. Prominent 0.16 mm inclusion and 0.09 mm gas bubble and 
adjacent low-density vapor inclusions. 

 
Step heating experiments on alunite yield diffusion 

log D0 (cm2/sec) and E (kJ mol-1) for (3He) = -7.85 and 
40.2, for (4He) = -4.33 and 106.8, and for (40Ar) = 2.45 
and 225. Model 1/e-folding times and diffusion dis-
tance-time calculations indicate helium and argon re-
main in alunite at ≤ 100°C and < 200-220°C respec-
tively. In part, this explains the success of argon geo-
chronology using alunite and jarosite. Diffusion data 
support the anecdotal arguments that, in the absence of 
later thermal or metamorphic deformation of  alunite 
and jarosite, volatiles in fluid inclusions are retained in 

these minerals as quantitative samples of the parent 
fluids. The original volatile chemistry of parent fluids 
was preserved for 1.87 Ga in fluid inclusions in alunite 
from the Brazilian Tapajós gold deposit [2]. 

Alunite and Jarosite Environments:  Terrestrial 
alunite forms in deeper high temperature magmatic 
hydrothermal environments, in near-surface high tem-
perature magmatic steam, and (along with jarosite) in 
steam-heated environments and in surficial low tem-
perature supergene environment including lacustrine 
analogs. Alunite and jarosite form from high sulfur, 
high oxidation-state, low pH, aqueous solutions that 
range from low-density steam (volatile) fluids as high 
as 400°C to low temperature surface waters. The envi-
ronment of origin will be reflected in different gas 
compositions of fluid inclusions and isotopic composi-
tions of host minerals. Crystal growth bands (figure 2) 
may reflect influence of pulsing of magmas whose 
fluids have variable volatile and isotopic chemistry. 
The environment of origin of these sulfate minerals are 
reflected in the sulfur (H2S/SO2) and carbon 
(CH4/CO2) gas speciation, abundance of HF, Cl, and 
H2, and helium, neon, and argon isotopes. In high tem-
perature environments only partial equilibrium is ob-
served among active gas components in fluid inclu-
sions [1]. In supergene environments, atmospheric gas 
in solubility-limited amounts is observed in fluid inclu-
sions. Martian jarosite is likely to contain fluid inclu-
sions whose active and rare gas chemistry can advance 
our understanding of magmatic volatile processes, pro-
vide insights into precipitation mechanisms, trace are-
ologic atmosphere and hydrosphere evolution, and 
possibly detect biotic organic material (amino acids or 
fragments) as evidence for life. 

 

   
Figure 2. Deposition Bands in alunite (left-Alunite Ridge, Utah) 

and jarosite (right-Gilbert, Nevada). 
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Introduction:  The Mars Exploration Rover 

(MER) in Gusev Crater has exposed in its tracks an 
unusual occurrence of a soil high in sulfur and high in 
phosphorus [1-3] at a site called Paso Robles.  This 
salty soil is thought to be composed of the following:  
Fe3+-, Mg-, and Ca-sulfates; Ca-phosphate; hematite, 
halite, allophane, and amorphous Si [1].  We are cur-
rently studying a large suite of sulfate minerals [e.g., 
4-8] using a variety of methods including midinfrared 
emission, reflectance, and micro-transmission spectro-
scopies, plus visible-near infrared  (VNIR) spectros-
copy and Mössbauer (MB) spectroscopy.  Included in 
our sulfate studies are numerous Fe3+ sulfates that are 
clearly an important mineral phase of the anomalous 
Paso Robles soils.  Hence, we are applying our spec-
tral databases to the interpretation of various MER 
datasets to further explore and better understand the 
chemistry of these salt-rich soils.  The focus of this 
work is to attempt to identify the sulfate chemistry of 
the Paso Robles soils using a unified application of 
emissivity, VNIR, and Mössbauer spectroscopy. 

Emissivity Spectra:  The soil exposed in the MER 
tracks is typically dark, and the bright soil at Paso 
Robles that contains ~32% sulfate [1] is fairly rare, but 
has been found in more than one location (e.g., also at 
Arad and Tyrone).  Miniature Thermal Emission Spec-
trometer (Mini-TES) [9] data of rover track soils that 
are dark (from sols 400 and 403) and bright (sol 404) 
were studied.  Spectral deconvolution of the bright-soil 
spectrum was conducted using an endmember array 
that included the dark-track soil as well as common 
rock-forming minerals and a diverse suite of sulfates.   

Fig. 1:  Mini-TES spectra of bright and dark track 
soils and the modeled fit to the bright spectrum. 

The deconvolution result (Fig. 1) achieved an RMS of 
0.064%.  The result showed the bright soil spectrum to 
be dominated by ~49% dark-track soil; plus ~13% 
kornelite (Fe2(SO4)3·7H2O) (XRD pending) , ~13% 
yavapaiite (KFe(SO4)2), and ~7% metahohmannite 
(Fe2(SO4)2O·4H2O) (XRD pending) [all ferric sul-
fates].  APXS data [3] show the Paso Robles soils to 
be depleted in K; however, omitting the K-bearing 
yavapaiite from the allowed endmembers severely 
degrades the deconvolution fits.  At or below the ca-
nonical “5% detection limit” were leonite (~5%), ferri-
copiapite (~3%), and a smattering of other minerals, 
including apatite (Ca-phosphate) at 0.2%.  However, 
the identifications of these minor mineralogies may be 
inaccurate. 

VNIR Spectra:  Clustering via statistical analyses 
of the data from the Panoramic Camera (Pancam) [10] 
scenes of Paso Robles’ tracks provided “typical” and 
“anomalous” spectra.  The anomalous spectra occurred 
in the bright regions of the images.  These spectra ex-
hibited diagnostic spectral characteristics (e.g., reflec-
tance maximum at ~670 nm, a minimum near 800-850 
cm, and a convex upward feature near 480 nm) that are 
indicators of the possible presence of coquimbite, kor-
nelite, copiapite, fibroferrite, and yavapaiite mixed 
with darker soil constituents.  These identified sulfates 
are all ferric-bearing minerals. 

Mössbauer Spectra:  Paso Robles MB spectra 
were processed using MERView [11].  An extensive 
suite of sulfates have been compared to the data and 
likely mineral candidates have been identified, includ-
ing Fe (III) sulfates.  Details are forthcoming. 

Results:  On the basis of our results to date.  We 
believe the sulfates of the anomalous  bright soil ex-
posed in the tracks at Paso Robles are dominated by 
coquimbite/kornelite (and perhaps yavapaiite) with 
other ferric sulfates possibly being present. 
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Introduction: Passage of ionizing radiation 

through water produces a complex mixture of short-
lived ions, free radicals, and electronically excited 
molecules that can participate in a wide range of 
chemical reactions involving solutes and solids [1], 
[2]. In groundwaters associated with U deposits, reac-
tions between radiolytically produced radicals and 
aqueous or solid media result in complex mixtures of 
oxidized and reduced products that can accelerate wa-
ter-rock interaction [3]. In subsurface environments, 
radiolysis of water coupled to oxidation of sulfide min-
erals can produce gradients of both electron acceptors 
and electron donors that are possible sources of meta-
bolic energy [4].  

Recent data from Mars Exploration Rovers provide 
multiple lines of evidence indicating the extensive 
presence of sulfates on Mar’s surface and possible 
subsurface [5], [6], [7].  Measurements by NASA’s 
Mars Pathfinder and Viking landers showed that sulfur 
is a substantial component of soil dust and surface 
rocks [8].  Evidence of hydrated sulfate salt deposits in 
the Martian tropics comes from near-infrared spectral 
data on Mars Express [9], [10].  In addition, sulfates 
have been identified in SNC meteorites, which contain 
salt minerals including sulfates, up to 1% by volume.  
These evidences taken together strongly suggest that 
sulfate minerals are on the Mars surface and within the 
upper lithosphere.  Sulfate minerals are a potential 
archive of information on both the sulfur geochemical 
cycle and history of water on Mars.  

Traditional models for the oxidation of sulfide min-
erals in aerobic environments involve the presence of 
O2 and H2O, as the key oxidants for sulfides.  In recent 
years, however, geochemists have increasingly recog-
nized that radiolysis could be an effective process in 
producing active oxidizing species on Mars and can 
play a pivotal role as a source of oxidants in deep va-
dose zones.   

Experimental Methods:  In order to evaluate the 
efficiency of radiolytic sulfide oxidation in the produc-
tion of sulfate gradients and the stable isotope ratios of 
sulfur products, we performed a series of radiation 
experiments using pyrite and deionized water.  Radia-
tion experiments were carried out at room temperature 
using a a 60Co gamma source at the Radiation Labora-
tory of the University of Notre Dame.  The dose rate 
was of 11.3 krad/min (113 Gy/min), as determined by 
the Fricke dosimeter. The total dose was from 0.3 to 
1.5 x 104 Gy. Water used was de-oxygenated to mini-

mize competing reactions with O2.  The water/pyrite 
mixtures were degassed and flame sealed in 2 cm outer 
diameter, 10 cm long quartz tubes.   After irradiation, 
the gaseous, aqueous, and solid species produced dur-
ing radiolysis were collected, quantified, identified, 
and measured.    

Results and Discussion:  Radiolysis of pyrite in 
the presence of water is characterized by a complex 
interplay between different radicals and oxidants to-
wards producing sulfate. Molecular hydrogen was the 
dominant gas collected at the end of pyrite-water irra-
diation experiment.  Sulfate was the only aqueous sul-
fur species detected by ion chromatography.  The yield 
of aqueous sulfate and molecular hydrogen in experi-
ments in which we used pure deoxygenated water and 
pyrite correlates with the total irradiation dose.  Our 
ongoing studies are probing the overall chemistry in-
volved in radiolysis of H2O/FeS2 and aim to identify 
possible intermediate species between pyrite and the 
end-product SO4

2-. We will also examine effects of pH 
and different additives (e.g., H2O2, O2, CO2) in terms 
of aqueous sulfate speciation and aqueous sulfate 
yields under different experimental conditions. 

Our results indicate that radiolysis is an efficient 
mechanism for producing oxidizing species that can 
oxidize pyrite in contact with water.   

 Conclusions: Recognition that crustal radiolysis is 
an efficient mechanism in the production of oxidizing 
species in geologically long-lived oxidizing systems 
has profound implications for assessing microbial me-
tabolism in the deep subsurface on Earth and Mars.  
Radiolytic processes are effective in producing hydro-
gen and sulfate gradients even in water-limited envi-
ronments, such as predicted for Mars. 
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Introduction: Sulfate mineral deposits on the sur-

face of Mars are a potential storehouse of data record-
ing the evolution of Mars’ surface environment and 
climate.  However, one of the greatest challenges to 
deciphering these types of martian geo-records will be 
the need for absolute dating techniques, particularly 
those techniques applicable to the timeframes of Mars 
surface processes [1].  Lepper and McKeever [2-4] 
have proposed developing optical dating, an estab-
lished terrestrial chronometric dating method based on 
principles of solid-state physics, for remote in-situ dat-
ing of martian silicate sediments.  

In addition to silicates, sulfate salts also exhibit ra-
diation induced, stimulated anti-stokes luminescence 
that can have dosimetric and geochronologic signifi-
cance.  However, because these salts are chemically 
unstable in a vast majority of Earth surface environ-
ments, their optical dating properties have been largely 
unexplored.  We report here preliminary results of on-
going experiments with magnesium and sodium sulfate 
salts as well as review past work with calcium sulfate 
salts, to assess the radiation dosimetric and geochro-
nologic properties of these minerals.  The goals of our 
current phase of experimental work are to: (i) evaluate 
the influence of accessory concentrations of sulfates in 
Mars surface deposits on optical dating of silicate min-
erals, (ii) identify potential martian indigenous geodo-
simeters, (iii) and evaluate the plausibility of using 
sulfates as primary in-situ geochronometers on Mars.  

Methodological Background:  Over geologic 
time, ionizing radiation from the decay of naturally 
occurring radioisotopes and from cosmic rays liberates 
charge carriers (electrons and holes) within mineral 
grains.  The charge carriers can subsequently become 
localized at crystal defects leading to accumulation of 
a “trapped” electron population.  Recombination of the 
charge carriers and relaxation results in photon emis-
sion, i.e. luminescence.  The intensity of luminescence 
produced is proportional to the amount of trapped 
charge, and thereby to the radiation dose absorbed by 
the mineral grains since deposition at the sampled site.  
A determination of the ionizing radiation dose rate at 
the sample location allows the age of the deposit to be 
determined (from Age = Absorbed Dose / Dose Rate).  
Experimentally, optical excitaion is used to initiate the 
measurement process which gives rise to the method’s 
name - optically stimulated luminescence (OSL) dating 
or, simply, optical dating. 

Synopsis of Experimental Results:  
Calcium Sulfates. Synthetically grown CaSO4 

doped with Mn, Dy, or Tm form a family of highly 
sensitive thermoluminescent dosimetric materials [5] 
that exhibit much greater radiation sensitivity and sig-
nal reproducibility than natural calcium sulfates.  Re-
cently, Singhvi and student [6] have directly dated 
gypsum (CaSO4•2H2O) sand dunes at White Sands, 
New Mexico with OSL methods, but found small 
amounts of quartz incorporated in the dunes to give 
more precise results than measurements made on the 
gypsum grains.  Although developmental work may be 
needed, it appears that calcium sulfates may have the 
potential to serve as OSL geochronometers on Mars. 

Sodium Sulfates. The dosimetric properties of 
doped Na2SO4 have also been widely examined.  Our 
measurements of unannealed dopant-free thenardite 
(Na2SO4) indicated UV phosphorescence following 
beta irradiation and both infrared and blue stimulated 
UV luminescence.  However, none of these lumines-
cence signals were stable over short time scales 
suggesting that natural unheated thenardite is an 
unlikely candidate for an in-situ martian geochro-
nometer.  We have observed that annealing can induce 
complex dosimetric behaviors in thenardite linked to 
structural phase changes [7], which may hold the 
potential for in-situ geodosimetry.   

Magnesium Sulfates. We have also carried out pre-
liminary optical dating characterizations on Kieserite 
(MgSO4•1H2O) and Hexahydrite (MgSO4•6H2O).  
These magnesium sulfates did not exhibit phosphores-
cence or infrared stimulated luminescence.  However, 
they did show blue stimulated luminescence with much 
greater dosimetric stability than thenardite and shared 
certain geochronometric characteristics with both 
quartz and feldspars.  More detailed examinations of 
magnesium sulfates are warranted. 
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McKeever S.W.S. (2000) Icarus. 144, 295-301. [4] 
McKeever, et al. (2003) Radiat. Meas. 37, 527-534. [5] 
McKeever, S.W.S. (1985) Thermoluminescence of 
solids. Cambridge Univ. Press. [6] Singhvi, A. (2006) 
4th NWLDDW, Abst. Vol. VI: 22. [7] Chio, B. and 
Lockwood, D. (2005) J. Phys. Cond. Mat. 17:6095-
6108. 

Martian Sulfates as Recorders of Atmospheric-Fluid-Rock Interactions (2006) 7054.pdf



TEXTURAL AND STABLE ISOTOPE DISCRIMINATION OF HYPOGENE AND SUPERGENE 
JAROSITE AND ENVIRONMENT OF FORMATION EFFECTS ON  40AR/39AR GEOCHRONOLOGY.   
V. W. Lueth, New Mexico Bureau of Geology & Mineral Resources, New Mexico Tech, 801 Leroy Place, Socorro, 
NM 87801, vwlueth@nmt.edu 

 
 
Introduction: Jarosite has been shown to form in a 

multitude of environments ranging from hydrothermal 
conditions [1] to surface weathering [2]. Mineral tex-
tures and associations, coupled with stable isotope 
analysis, have proven invaluable in differentiating be-
tween these environments of formation. Additionally, 
40Ar/39Ar spectra reflect differences in environments of 
formation. These techniques will be essential in char-
acterizing jarosite, or other acid sulfate minerals, from 
the Martian surface. 

Textures and Associations:  Specific mineral tex-
tures, associations, and paragenetic sequences appear 
consistent between environments. 

Supergene.  Jarosite is finely crystalline with the 
largest crystallites up to approximately 1mm. It is of-
ten intermixed with hypogene phases, especially clays. 
Jarosite is early in the supergene paragenesis and al-
tered to goethite/hematite with subsequent weathering; 
often destroyed unless fortuitously preserved. 

Hypogene.  Large crystals (up to 3 cm) of high pu-
rity (but highly zoned) characterize hypogene jarosite 
occurrences. Impurities encountered in these samples 
are typically other ore/gangue minerals. The mineral 
paragenesis is opposite that of supergene environments 
where hematite and gypsum are typically replaced by 
jarosite late in the sequence.  

Stable Isotopes:  The chemistry and structure of 
jarosite allow for reliable age dating and the determi-
nation of the stable isotope values of sulfur, hydrogen 
and oxygen in both the SO4 and OH sites. Sulfur iso-
topes encode the origin of the sulfur whether from 
preexisting sulfide (supergene) or oxidation of sulfur 
gases (hypogene). Hydrogen reflects the origin of the 
water at the time of formation. Oxygen in the SO4 site 
reflects the source of oxygen during oxidation and 
coupled with OH values, that reflect the character of 
the water, can be used as a geothermometer. 

Comparison of supergene and hypogene jarosite of 
similar ages illustrates how stable isotopes discrimi-
nate between supergene and hypogene jarosite (Fig. 1). 

40Ar/39Ar Geochronology:  Analytical spectra dis-
play significant differences, depending on the origin of 
the jarosite (Figure 2). The small crystal sizes and in-
corporation of other minerals results in less than opti-
mal age spectra for supergene jarosite. Poor crystallin-
ity, recoil, Ar loss, and contamination are endemic to 
supergene samples. Sophisticated separation tech-
niques and chemical treatments are required to obtain 

reliable results. Samples from the surface of Mars will 
probably require difficult separation techniques to pro-
duce reliable age dates. 

 
Figure 1. Hydrogen and SO4-oxygen plot. SJSF = su-
pergene jarosite field of [2]. 
 

 
 

Figure 2. Comparison of Ar spectra for supergene 
(top) and hypogene (bottom) jarosite. 
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