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Introduction:  Direct evidence for the existence of 

water on Mars consists of morphologic features, ther-
mal spectroscopic signatures of hematite, detection of 
H2O ice in the polar caps, neutron spectroscopy, and 
secondary minerals preserved in martian meteorites.  
The martian meteorites currently provide the best op-
portunity to assess the detailed nature of the aqueous 
environments that once existed on Mars, simply be-
cause of the high level of capability of Earth based 
analytical techniques.   

The martian meteorite ALH84001 has a 4.5 Ga 
crystallization age and it contains a unique assemblage 
of secondary carbonates that formed on Mars 3.9 Ga 
[1].  The meteorite is remarkably well preserved but 
has been extensively shocked.  This provides an 
opportunity to learn specific environmental constraints 
of the nature of one or more aqueous systems on early 
Mars.   

The meteorite shows very little evidence for aque-
ous weathering.  Olivine, maskelynite, and orthopy-
roxene are all unaltered despite their vulnerability to 
aqueous alteration [2].  Secondary silica and pyrite 
have been reported [3], although there are virtually no 
clay minerals present.  Given the highly fractured and 
shocked nature of this rock, the lack of aqueous altera-
tion is a significant constraint on its aqueous history. 

Figure 1. The gray area shows the range of chemical 
compositions of ALH84001 carbonates.  Carbonates out-
side of this range are very rare. 

The chemical compositions of the carbonates pre-
served in the meteorite occupy a very well defined 
trend on a ternary plot (Fig. 1).  Petrographic relation-
ships suggest that the first carbonates to form were Ca-
rich and that later forming carbonates became increas-
ingly Mg-rich.  The last phase to form was nearly pure 
magnesite.  This sequence of carbonates commonly 
occurs as “rosettes” which have Ca-rich cores grading 
to Mg-rich rims.   

The oxygen isotopic compositions of the carbon-
ates have been well documented in a number of studies 
[4-7].  The ion microprobe data has proven to be ex-
tremely useful by being able to tie microscale isotopic 
measurements to precise chemical compositions, and 
petrographic location.  All of the published ion micro-
probe data show identical relationship with chemical 
and isotopic composition.  The isotopic data lie within 
a broad trend of increasing δ18O values with increasing 
Mg content.   The δ18O values range from ~0‰ to 
~26‰ (SMOW) over distances of only 100’s of mi-
crons.   

Knowledge regarding the nature of the aqueous 
system(s) that formed these carbonates will be very 
useful in answering long held questions regarding the 
history of water on Mars.  Unfortunately, despite nu-
merous studies, the nature of the aqueous system(s) 
that formed the ALH84001 carbonates is still heavily 
disputed.  Some studies have favored an aqueous sys-
tem at low temperatures (<100°C) [4, 8], others fa-
vored a high temperature (>150°) low fluid/rock sys-
tem [9, 10], while still others have argued for an aque-
ous environment heavily influenced by biological ac-
tivity [11]. 

The high temperature (>150°C) models typically 
call for small amounts of very CO2 rich fluids which 
are injected into the rock on very short timescales [9].  
The nature of the CO2 fluids range from melted car-
bonate to water super-saturated with CO2.  The major 
problem with the high temperature models is the lack 
of alteration in the olivine, pyroxene, and maskelynite.  
However, these models argue that the CO2 rich nature 
of the fluid combined with the short duration would 
preclude any weathering [9]. 

Low temperature (<100°C) models call for the car-
bonates to be precipitated in an aqueous event with a 
higher fluid/rock ratio and a somewhat longer dura-
tion.  Two studies have argued for an evaporative 
aqueous event that explains the changes in both the 
chemical and the isotopic compositions [12, 13].  
These models are all based on the lack of equilibrium 
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relationships in chemical or isotopic compositions and 
the lack of evidence for chemical weathering [4].  

The biological models have argued that the carbon-
ates formed in a low temperature (<100°C) environ-
ment and the precipitation of the carbonates was heav-
ily influenced by biological factors [11].  

It is clear that further constraints are needed in or-
der to determine the nature of the aqueous system that 
formed the ALH84001 carbonates.  All of the existing 
evidence can be used to support either a high tempera-
ture or low temperature system.   

This study sets out to begin to provide additional 
constraints from new ion microprobe carbon isotopic 
measurements of the carbonates.  The carbon isotopic 
composition of the carbonates will provide a second 
independent data set that can be used as a powerful 
constraint in evaluating existing models for the forma-
tion of the ALH84001 carbonates and formulating new 
ones.   

Analytical Methods:  Samples were prepared in a 
manner that minimized contamination of the carbon-
ates with other carbon bearing materials such as epoxy, 
hardeners, or polishing materials.  Two small chips of 
ALH84001 were encased in epoxy, and then polished 
to expose a carbonate bearing surface.  Epoxy penetra-
tion was observed to be limited to the large fractures 
near the edges of the chip.  Polishing was accom-
plished using silica carbide coarse grit sandpaper ini-
tially, followed by alumina paste.  The samples were 
ultrasonically cleaned in distilled water in between 
each grit step.  

Carbonate grains were characterized using a JEOL 
8600 electron microprobe with a WDS detector system 
at Arizona State University.  Ion microprobe analyses 
were performed on the IMS 6f at Arizona State Uni-
versity.  Measurements were collected using two dif-
ferent analytical techniques during four separate ses-
sions.  The two analytical techniques are extreme en-
ergy filtering (EEF) and high mass resolution (HMR).   

During sessions where extreme energy filtering 
was used a 3.9 nA Cs+ beam was focused to a spot size 
of ~30 mm diameter using critical illumination.  Sec-
ondary ions were collected at –9 kV with an offset of 
325 V as in Hervig [14].  Typical count rates on ALH 
carbonates were ~4*104 cps for 12C.   

In sessions using the high mass resolution (HMR) 
technique,  a 0.4 nA Cs+ beam was focused to a spot 
size of ~10 mm using critical illumination.   Secondary 
ions were collected at –9 kV with no energy offset.  
Typical count rates on ALH carbonates were ~4*105 
cps for 12C.   

For all analytical sessions instrumental mass frac-
tionation (IMF) was calculated using analyses of car-
bonate standards mounted in the same slide as the me-

teorite.  The standards used consist of calcite, dolo-
mite, magnesite and siderite.  For all of the analytical  
sessions, IMF was calculated using a linear interpola-
tion between the values measured for dolomite, side-
rite and magnesite.  The lack of correlation of IMF 
with any known parameter such as chemical content, 
analysis conditions, or secondary yield force us to use 
an approximation using linear relationships (Leshin et 
al., 1998).  The agreement of the two data sets using 
entirely different analysis conditions and IMF correc-
tions suggests that the uncertainty for the IMF correc-
tion is accurate to within the calculated uncertainty.   

Figure 2. SEM backscatter image of the location of some 
of the analyses in this study.  The numbers show the δ13C 
values (PDB) measured for each spot. 

Results:  The δ13C of the ALH84001 carbonates 
range from 27‰ to 64‰ relative to PDB (Fig. 3).  
These results firmly establish δ13C variability in 
ALH84001 carbonates and considerably expand the 
range of values obtained by conventional techniques.  
The data show a general correlation between δ13C and 
mole fraction of magnesium, with the most magnesian  
carbonates having the highest δ13C values.  This result 
is also consistent with previous bulk analyses [8, 15].  
The amount of scatter in the data is comparable to the 
scatter in the ion microprobe oxygen isotope data for 
ALH84001 carbonates, and consistent with estimates 
of uncertainties.   

The range of compositions of carbonates analyzed 
range from magnesite to Ca-poor ankerite.  The data 
do not include analyses of more calcium rich carbon-
ates due to their rarity in the available polished thick 
sections.  No complete rosettes were available for 
analysis, so almost all the carbonates analyzed were 
patchy in nature (Fig. 2). 

Discussion:  The ~30‰ range of carbon isotopic 
values measured in the ALH84001 carbonates has no 
terrestrial analog.  Variations of similar magnitude 
have been found in the same localities but never in the 
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same rock on the scale of 
millimeters.  Combined 
with the variations of the 
chemical and oxygen iso-
topic compositions, the 
carbon isotopic data are 
difficult to reconcile with 
current formation models.   

High temperature 
(>150°C) models require a 
closed system, low 
fluid/rock model to explain 
the oxygen isotopic data.  
However this model is in-
consistent with  the large 
carbon isotopic variations 
observed.  One cannot cre-
ate a 30‰ variation in car-
bon isotopic composition 
using a Rayleigh distilla-
tion caused by progressive 
carbonate precipitation as 
proposed by Leshin  et al. 
[6].   

Low temperature 
(<150°C) models run into 
similar difficulties.  Most 
low temperature models 
use temperature change to 
explain the oxygen isotopic 
variations.  Some low temperature models use evapo-
ration to explain the oxygen isotopic compositions.  
Both of these cases cannot explain the carbon isotopic 
compositions.  A temperature change from 300°C to 
0°C would be needed in order to explain the carbon 
isotopic variation under equilibrium conditions [16].  
Evaporation would not be able to create the observed 
variation in carbon isotopic composition without very 
high salinities [17].  However, at high salinities evapo-
ration would not be able to produce the oxygen iso-
topic variation [18].   

Figure 3. Carbon isotopic compositions of carbonates in ALH84001 as measured by ion 
microprobe.  The carbon isotopic composition is plotted against mole fraction of magnesium
measured by electron microprobe.  Uncertainties shown include counting statistics within a
each measurement and the point to point reproducibility of the instrument.   

Biological models for the formation of the carbon-
ates are not specific enough to test in this manner.  
Large carbon isotopic variations in carbonates on 
Earth are frequently attributed to mixing between or-
ganic and inorganic reservoirs [19].  This could be 
possible in the ALH84001 carbonates with the earliest 
Ca-rich carbonates incorporating organic carbon and 
the later Mg-rich carbonates incorporating mainly in-
organic carbon.  However, the association of the mag-
netite “bio-minerals” with the magnesite rims which 
have the  heaviest carbon isotopic compositions makes 
this possibility seem less likely.   

We propose three new models that provide poten-
tial geologically reasonable environments that satisfy 
constraints from the chemical, isotopic, and petro-
graphic data collected thus far: Mixing between two 
distinct fluids, CO2 rich spring environment, and a 
CO2 rich spring environment. 

Mixing Model:  The most common way of inter-
preting covariant carbon and oxygen isotopic trends on 
Earth is through a mixing process between marine and 
meteoric waters [19].  However, these trends are typi-
cally measured using samples from different strati-
graphic depths, or entirely different outcrops.  The 
trends observed in the ALH84001 carbonates are pre-
sent on the scale of microns in one sample.  The dif-
ferences in scale make it difficult to compare to terres-
trial examples because there is very little data for large 
isotopic variations on a micro-scale.  Mixing models 
that are typically applied to interpret  terrestrial car-
bonate localities may not be applicable to the micro-
scale.  Nevertheless a mixing model does provide a 
possible way to explain much of the data and observa-
tions made on the meteorite.   

Carbonates are precipitated, in this scenario, during 
the mixing of two chemically and isotopically distinct 
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fluids at a constant temperature.  The variations ob-
served in the carbonates are a result of different pro-
portions of the two end member fluids.  It has been 
interpreted, based on petrographic relationships, that 
the more calcium rich carbonates formed first, fol-
lowed by a steady progression of more magnesium and 
iron rich carbonates [6].  Among the final carbonates 
to form in this interpretation are the magnesite rims.  
Thus, the initial carbonates, in this model, are precipi-
tated by a relatively calcium rich fluid which is iso-
topically light in both oxygen and dissolved CO2.  The 
progression in chemical and isotopic compositions 
begins with the addition of small amounts of the sec-
ond fluid which is magnesium rich and isotopically 
heavy in both δ18OH2O and δ13CCO2(aq).  In the final 
stages of precipitation the system is dominated by the 
second fluid which is precipitating isotopically en-
riched magnesite. 

CO2 rich Spring:  Temperature change and CO2 
degassing are two mechanisms that frequently occur in 
terrestrial spring environments where warm (<80°C) 
CO2 rich water is emitted from the ground[20-22].  In 
this model, small amounts of CO2 rich warm water are 
directly injected into the proto-meteorite ALH84001.  
This fluid undergoes cooling and extensive CO2 de-
gassing:  the combined effects of which can explain 
the oxygen isotopic, carbon isotopic, and chemical 
compositions of the carbonates.     

The carbon and oxygen isotopic compositions of 
the carbonates undergo progressive enrichment due to 
the linked processes of cooling and CO2 degassing.  A 
simple equilibrium temperature change from 80°C to 
0°C can cause δ18O enrichment in carbonates of 
~+20‰ [6, 7].  The temperature change also causes an 
equilibrium enrichment of ~8‰ in δ13C [16].  Addi-
tional enrichment of δ13C occurs during extensive CO2 
degassing which causes a kinetic isotope effect that 
can conceivably cause a ~+25‰ enrichment in δ13C 
through degassing of 80% of the CO2 from solution 
[21].   

High pH Spring:  High pH fluids provide a means 
to create large variations in the  carbon and oxygen 
isotopic compositions of carbonates precipitated in 
spring environments.  This occurs through a kinetic 
process as CO2 rapidly invades the high  pH, CO2 free 
water emerging from the ground.  Carbonates with 
similar carbon and oxygen isotopic variations have 
been discovered in high pH spring environments in 
Oman [23].  The variation in the chemical composi-
tions of the carbonates is also consistent with this type 
of environment [24].    

These springs are excellent analogs for ancient 
Mars.  High pH fluids form as a consequence of ser-

pentinization which occurs at high or low tempera-
tures.  This would likely be common on the early Mar-
tian surface which was probably dominated by ultra 
mafic rocks similar to ALH84001.  If water-rock inter-
actions occurred on early Mars as postulated by many 
studies (e.g. [25]), then one would expect the fluids to 
be high pH in character.     

Conclusions:  (1) The ALH84001 carbonates 
show a minimum of a 35‰ variation in δ13C that is 
correlated with the chemical composition and petro-
graphic relationships of the carbonates.  The early 
forming Ca rich carbonates have the lowest δ13C val-
ues, while the late forming Mg rich carbonates have 
the highest δ13C values.     

(2) The large range in the carbon isotopic composi-
tions of the ALH84001 carbonates is not consistent 
with their formation from limited amounts of CO2 rich 
fluid where isotopic variation is caused by a Rayleigh 
distillation process.  

(3) The isotopic composition of the carbonates is 
not consistent with their formation from an evaporative 
environment, or a simple low temperature environ-
ment. 

(4) The carbonates likely formed in three possible 
environments: mixing of fluids from different isotopic 
reservoirs, CO2 rich spring environment, and a high 
pH spring environment. 
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