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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.
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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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