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Abstract- -New petrologic and bulk geochemical data for the SNC-related (Martian) meteorite 
ALH84001 suggest a relatively simple igneous history overprinted by complex shock and hydrothermal 
processes. ALH84001 is an igneous orthopyroxene cumulate containing penetrative shock deformation 
textures and a few percent secondary extraterrestrial carbonates. Rare earth element (REE)  patterns 
for several splits of the meteorite reveal substantial heterogeneity in REE abundances and significant 
fractionation of the REEs between crushed and uncrushed domains within the meteorite. Complex zoning 
in carbonates indicates nonequilibrium processes were involved in their formation, suggesting that CO2- 
rich fluids of variable composition infiltrated the rock while on Mars. We interpret petrographic textures 
to be consistent with an inorganic origin for the carbonate involving dissolution-replacement reactions 
between CO2-charged fluids and feldspathic glass in the meteorite. Carbonate formation clearly post- 
dated processes that last redistributed the REE in the meteorite. Copyright © 1997 Elsevier Science Ltd 

1. INTRODUCTION 

SNC meteorites (named for the achondrites Shergotty, Nak- 
hla, and Chassigny) comprise a group of  twelve basaltic 
achondrites now widely believed to have originated on Mars 
(see McSween,  1994). Because of their potential to reveal 
new information about Mars, the SNC/Mart ian meteorites 
will probably continue to play a major role in shaping our 
thinking about geological processes on Mars for many years 
to come (McSween,  1994). In this paper, we describe the 
petrography, mineral chemistry, and bulk geochemistry of  
the SNC-related meteorite Allan Hills 84001, which has re- 
cent ly  come under increased scrutiny as a result of claims 
that it may harbor evidence of  past microscopic life on Mars 
(MeKay et al., 1996). Specifically, these authors argue that 
carbonate in the meteorite was associated with microbial life 
and that these microbes controlled the growth of the carbon- 
ate (McKay et al., 1996). We interpret our new data and 
observations in the context of igneous, shock metamorphic, 
and hydrothermal processes, and conclude that the simplest 
explanation for the origin of  the carbonates is by inorganic 
dissolution-replacement reactions of pre-existing phases in 
the meteorite. 

2. ANALYTICAL METHODS 

For petrographic and microprobe analysis we obtained a single 
thin section of ALH84001 (split ,140) from the Johnson Space 
Center (JSC) curatorial facility. Modal analysis was performed by 
point counting (700 points) a ~0.30 cm 2 area of the thin section 
using an optical microscope. Microprobe analyses were performed 
with the Cameca SX-50 electron microprobe at the Lunar and Plane- 
tary Laboratory. For noncarbonates, the standard calibrations nor- 
really employed by our lab (Kring et al., 1996) were used. Accelerat- 
ing voltage was 15 kV, the beam current 15 nA, a < 1 micron 
focused beam was used, and count times were 30 s for all elements. 
For carbonates, we calibrated Ca, Mg, Fe, Mn, and Sr using a well- 
characterized set of pure carbonate standards provided by L. Anovitz. 
The effects of carbonate beam damage and devolatilization were 
reduced by using a larger beam size (5 #m), a lower current (6 
nA), and by analyzing the major cations Ca, Mg, and Fe together 
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on three spectrometers at the beginning of each analysis (Lane and 
Dalton, 1994). Accelerating voltage was kept at 15 kV. Two differ- 
ent procedures, one using 10 s counts and the other 30 s counts, 
were used. Repeat analyses of standards and unknowns indicate that 
data using both methods were highly reproducible and comparable. 
All data were reduced using the ZAF routines provided in the Ca- 
meca software, most recently updated in 1996. 

For instrumental neutron activation analysis (INAA), two chips 
of ALH84001 (splits ,108 and ,109) were obtained from the JSC 
curatorial facility and further reduced in size to several smaller chips 
at Arizona. Three separate irradiations were performed: a 1 n-fin 
TRIGA Rabbit irradiation at l0 kW for the elements A1, Mn, V, 
and Mg; a 3 h TRIGA irradiation at 100 kW with a neutron flux of 
0.7 x 1012 ncm -2 s ~; and a 48 h irradiation at the University of 
Missouri (MURR) with a neutron flux of 8.0 x 1013 ncm -z s -~ . 
Synthetic and rock standards were irradiated together with 
ALH84001 for all experiments in order to monitor neutron flux 
variations within the reactor. Counting was done at the Arizona 
Gamma-Ray Analysis Facility on an extended three=month schedule 
using three detector systems including a fast-timing anticoincidence 
Compton suppression spectrometer, which gives an improved signal- 
to-noise ratio over standard Ge detector systems (Boynton and Hill, 
1983). 

3. PETROGRAPHY AND MINERAL CHEMISTRY 

ALH84001, a 2 kg meteorite recovered in Antarctica, was 
originally classified as a diogenite (MacPherson, 1985; B erk- 
ley and Boynton, 1992), and was first recognized as belong- 
ing to the SNC-clan by Mittlefehldt (1994).  Oxygen isotope 
analyses subsequently confirmed this reclassification (Clay- 
ton, 1993 ). Our sample of ALH84001 is a light olive-gray to 
yellowish-gray orthopyroxenite consisting of > 9 0 %  mostly 
coarse-grained ( >7  mm, the length of our thin section) or- 
thopyroxene with subordinate amounts of heterogeneously 
distributed chromite ( ~ 3 . 5 % ) ,  maskelynite ( ~  1.5 %), and 
carbonate ( - 3 % ) .  An independent assessment of the Na, 
K, and Cr INAA bulk rock data indicate 2.4% chromite and 
2.0% maskelynite in our whole rock sample of  ALH84001 
(see Section 4).  The sample is dominated by cataclastic 
shock-deformation textures and is crosscut by discrete zones, 
up to 1 mm in width, of  crushed material consisting of  anhe- 
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dral chromite, maskelynite, and pyroxene, which have all 
been substantially reduced in grain size (Mittlefehldt, 1994; 
Treiman, 1995). These zones, termed crush zones by Mit- 
tlefehldt (1994) and granular bands by Treiman (1995), 
comprise - 2 3 %  of our thin section. Within these zones, 
broken grains of chromite are typically strung out in long, 
semicontinuous bands along with maskelynite and broken, 
anhedral fragments of pyroxene (Fig. la ) .  Outside these 
zones, cumulate igneous textures are well-preserved. 
Maskelynite and chromite occur both within and interstitial 
to pyroxene grains. Some interstitial maskelynite displays 
igneous habit, indicating it is a diaplectic glass formed 
by shock-metamorphism of feldspar. Chromite inclusions 
( < 0.5 mm) in pyroxene are typically euhedral and are com- 

Fig. 1. (a,b) Backscattered electron (BSE) images of chromite in 
(a) crushed zone and (b) uncrushed zone. (a) broken, anhedral 
fragments of chromite (white) and pyroxene (fractured grey) occur 
with maskelynite (uniform grey) in cataclastic crush zone. Textures 
like these are common within crushed zones and suggest that chro- 
mite and pyroxene were brittMy deformed and reduced in grain size 
during the shock event that produced this texture. Scale bar at bottom 
is 50 #m. (b) large (-300 #m) euhedral chromite and adjacent 
pockets of maskelynite enclosed in orthopyroxene within a relatively 
undeformed portion of the meteorite. Note stepped grain-boundary 
offsets along fractures in chromite and pyroxene. Lack of fractures 
in maskelynite suggests partial annealing of this phase subsequent 
to or during the brittle deformation seen here in the other phases. 
Scale bar at bottom is 200 #m. 

monly associated with small (0 .1-0.2  ram) pockets of 
maskelynite (Fig. lb ) .  The maskelynite in these pockets 
typically lacks igneous habit. One inclusion of maskelynite 
was identified within chromite. Rare ( < 1 % ) ,  euhedral 
grains of interstitial augite are also present, while pyrite 
( < 1%) occurs typically as small, 10-20 #m euhedral grains 
associated with maskelynite and chromite. Traces of whit- 
lockite, olivine, and silica have also been identified in 
ALH84001 (Mittlefehldt, 1994; Treiman, 1995; Harvey and 
McSween, 1996; Scott et al., 1997). We note that the texture 
of ALH84001 is reminiscent of the textures of cataclastic 
anorthosites from the lunar highlands, an ancient, heavily- 
cratered terrain. 

Secondary carbonate is present as brownish to orange, 
highly-birefringent material distributed heterogeneously 
throughout the thin section. Previous investigators deter- 
mined that carbonate in ALH84001 postdates formation of 
the cataclastic crush zones, but predates the last shock-meta- 
morphic event to have affected the meteorite (Mittlefehldt, 
1994; Treiman, 1995). Backscattered electron (BSE) im- 
ages reveal that the carbonates occur mostly as discontinuous 
patches of small ( <  100 #m), individual grains (Fig. 2a,b), 
typical of the carbonates in crushed zones described by Trei- 
man ( 1995 ) and Mittlefehldt ( 1994 ). In many of the carbon- 
ate patches, continuous zoning extends over areas > 100/zm, 
much greater than the size of the individual grains (Fig. 
2a,b). These textures are similar to those described by Trei- 
man (1995), who suggested they may represent continu- 
ously zoned grains that are interconnected outside the plane 
of the thin section. Although the large, concentrically zoned 
carbonate globules described by others (Mittlefehldt, 1994; 
Romanek et al., 1994; Treiman, 1995; McKay et al., 1996; 
Harvey and McSween, 1996) are not as well-developed in 
our thin section, the zoning patterns we observe are  very 
similar to those previously reported by Mittlefehldt (1994) 
and Treiman (1995). An exception is the largest ( ~100 #m) 
grain we identified in our thin section, which appears to be 
relatively homogeneous (Fig. 3a) except for one small area 
showing complex, nonconcentric zoning (Fig. 3b). Grain 
boundaries between carbonates and adjacent silicates are 
sharp but irregular (Figs. 2,3,4), leaving the visual impres- 
sion that carbonate formed either by filling open voids within 
the rock or by replacing another phase. The common associa- 
tion of carbonate and maskelynite (Fig. 4a,b,c,d), which 
others have emphasized (Mittlefehldt, 1994; Treiman, 
1995), suggests that carbonate could have formed by re- 
placement of maskelynite. 

Representative microprobe analyses of major phases in 
ALH84001 are shown in Table 1. Silicate compositions are 
extremely homogeneous and show almost no chemical 
zoning, as noted previously by Mittlefehldt (1994). 
Average compositions for orthopyroxene and angite are 
Wo3.4En68.sFs27.8 and Wo4o.sEn46AFs13.4, respectively, similar 
to the average compositions reported by Mittlefehldt (1994). 
Maskelynite (average An35.6Ab60.1Or4.3) is quite sodic and 
appears to have a limited range of compositions, based on 
the small number of analyses we performed on the few large 
grains identified in our thin section. Our maskelynite compo- 
sitions generally overlap those reported by MacPherson 
(1985), Berkeley and Boynton (1992), and Mittlefehldt 
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Our analyses of ALH84001 carbonates show a bimodal 
distribution between relatively Fe-rich core compositions 
(Fe-Mg carbonates) and Mg-rich (magnesite) rim composi- 
tions (Fig. 5). Most carbonate analyses plot above the mag- 
nesite-siderite limb on the Ca-Mg-Fe ternary (Fig. 5), along 
an apparent solid solution trend similar to that observed 
by Mittlefehldt (1994), Harvey and McSween (1996), and 
Valley et al. (1997). Representative analyses of Fe-poor 
(rim) and Fe-rich (core) carbonate are given in Table 1. 
Magnesite rims are commonly interrupted by one, sometimes 
two, thin 1 -2  #m Fe(S)-rich bands. McKay et al. (1996) 
demonstrated with high-resolution transmission electron mi- 
croscopy (HRTEM) that the Fe(S)-r ich carbonate bands 
contain fine-grained magnetite and Fe-sulfide phases , which 
they interpreted to have been formed by microbial activity. 
Although the complete core-to-rim zoning pattern is rarely 
present in individual grains in our thin section, it is corn- 

Fig. 2. (a,b) B SE images of ALH84001 showing zoned carbonate 
patches (darker material) within pyroxene (lighter, fractured grey). 
Zoning is commonly gradational over a 100+ /~m scale, starting 
with a Ca(Mn)-rich core (light) and progressing towards more Mg- 
rich compositions (darker) up to a thin Fe(S)-rich rim (white), 
followed by Mg-rich carbonate (dark). Small bright grain in (a) is 
chromite. Scale bars are 50 #m. 

(1994). Most of our analyses indicate maskelynite formed 
from stoichiometric plagioclase, although nonstoichiometric, 
excess Si has been reported in ALH84001 maskelynite by 
Mittlefehldt (1994). Mittlefehldt (1994) noted, as we do, 
that euhedral chromites in ALH84001 have variable Cr, A1, 
and Ti contents but do not exhibit any systematic core-to- 
rim zonation in major or minor elements (Table 1). Our 
chromite analyses confirm that the small, anhedral chromites 
in crushed zones tend to have lower Cr abundances and 
yield low totals (~97  wt%), suggesting the presence of 
substantial Fe +3 (Mittlefehldt, 1994). However, we note that 
the rims of some of the larger euhedral chromites also show 
this tendency; furthermore, not all of the small, anhedral 
chromites are of the low-total, low-Cr variety (Table 1). 
This implies that chromite in ALH84001 may have been 
partially oxidized before chromite fragmentation within the 
crushed zones occurred. The chromite in the crushed zones 
may, therefore, represent mostly rim material derived from 
larger grains. 

Fig. 3. (a,b) BSE images showing large (100 #m) pocket of 
relatively homogeneous Mg-Fe carbonate in contact with orthopy- 
roxene (Opx), maskelynite (Mask), and chromite (Chr) at the edge 
of a crushed zone. (b) Detail in the carbonate grain in (a) shows 
complex zoning with small, discrete grains (less fractured) of vari- 
able composition (e.g., the small zoned carbonate grain within Mg- 
rich core at top left, the unzoned high-Mg carbonate grain and adja- 
cent Mg-Fe carbonate grain at top center, and a heterogeneous phase 
with mixed maskelynite and Mg-carbonate components at top right). 
Scale bars are 50 #m (a) and 20 #m (b). 
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Fig. 4. (a,b,c,d). BSE images of carbonate in intimate association with maskelynite. Zoned carbonate appears to 
fill small pockets in pyroxene previously occupied by maskelynite. In all images, pyroxene [p] is lighter grey fractured 
material, maskelynite [m] is darker grey, unfractured material, and carbonate [c] is darker fractured material. Bright 
grains in hi-mag images (c) and (d) are chromite. Scales bars are 50 #m (a,b) and 20 #m (c,d). 

monly seen in its entirety across the discontinuous patches 
of carbonate described above (Fig. 2). There does not appear 
to be any difference in carbonate compositions or zoning 
between crushed and uncrushed domains, as noted also by 
Treiman ( 1995 ). The overall impression is that of migrating 
and merging fronts of carbonate crystallization from numer- 
ous point sources within the rock, resulting in the overlap- 
ping of zoning features that we and others have observed. 
Other investigators have reported more complete apparent 
solid solution between the carbonate endmembers (e.g., Har- 
vey and McSween, 1996) and used this to calculate equilib- 
rium formation temperatures. However, the strong concentric 
zoning in large carbonate globules reported by Mittlefehldt 
(1994), Romanek et al. (1994), Treiman (1995), McKay 
et al. (1996), and Harvey and McSween (1996) suggests 
that the composition of infiltrating CO2-charged fluids and, 
therefore, the equilibrium conditions of formation, changed 
as carbonate precipitation progressed (Treiman, 1995). 

4. B U L K  C H E M I S T R Y  

Our INAA results for several splits of ALH84001 are 
listed in Tables 2, 3, and 4. A range of sample masses from 

the two splits (108 and 109) provided to us by JSC were 
analyzed at Arizona by INAA in order to investigate the 
scale and extent of chemical heterogeneities within the mete- 
orite and the results then recombined as a weighted average 
to obtain bulk values (Tables 2 and 3). The rare earth ele- 
ment (REE) compositions of four splits, two representing a 
crushed zone (split 109) and two representing an uncrushed 
zone (split 108), are liste d in Table 4. Our bulk INAA results 
for ALH84001 closely match those obtained by Mittlefehldt 
(1994) by INAA for a smaller set of elements, those obtained 
for a larger set of elements by Dreibus et al. (1994) using 
both INAA and spark source mass spectrometry (SSMS),  
and by Warren and Kallemeyn (1996) using INAA and 
radiochemical neutron activation analysis (RNAA).  Our 
sample has a bulk Fe/Mn ratio of 41, identical to the value 
obtained by Dreibus et al. (1994) and well within the range 
of Fe/Mn ratios for other SNC meteorites (Longhi et al., 
1992). The bulk rock REE patterns reported by all groups 
for ALH84001, including ours (Fig. 6), are distinct from 
other SNC meteorites in having (1) Eu anomalies and (2) 
Yb/TbEN 1 > 1 (Mittlefehldt, 1994). Europium anomalies in 
ALH84001 vary from strongly to only slightly negative, and 
there is some variation in the degree of heavy rare earth 
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Table 1, Representative compositions of minerals in ALH84001 determined by microprobe analysis. 

3507 

Chromite Chromite Chromite Chromite Chromite Opx Opx Mg-Fe Mg 
Wt. % core rim 1 rim 2 anhedral 1 anhedral 2 grain 1 grain 2 Maskelynite carbonate carbonate 

SiO2 0.04 0.05 0.11 0.11 0.06 53.52 53.34 60.43 0.16 0.39 
TiO2 2.36 2.34 2.68 2.48 2.30 0.16 0.15 0.02 0.04 <0.01 
A1203 8.74 8.46 9.54 8.63 8.37 0.66 0.70 25.81 <0.01 0.02 
Cr203 48.80 49.87 45.65 45.59 50.48 0.38 0.29 <0.01 - -  - -  
FeO** 35.16 34.76 35.07 36.64 33.64 17.87 18.14 0.41 22.84 5.45 
MnO 0.52 0.48 0.48 0.55 0.54 0.53 0.52 <0.01 0.27 0.40 
MgO 4.24 4.24 4.32 3.56 4.14 25.07 24.85 0.06 25.53 39.54 
CaO <0.01 0.01 0.62 0.37 <0.01 1.76 1.68 7.01 4.44 3.56 
Na20 0.01 <0.01 <0.01 <0.01 0,02 0.05 0.03 6.54 0.23 0.27 
K20 <0.01 <0.01 <0.01 0.02 <0,01 <0.01 <0.01 0.72 <0.01 <0.01 
P205 <0.01 <0.01 <0.01 <0.01 0,02 0.02 <0.01 0.02 0.11 0.04 
NiO 0.02 <0.01 <0.01 <0.01 <0,01 <0.01 0.05 <0.01 - -  - -  
Total 99.89 100.20 97.91 97.63 99.58 100.02 99.73 101.02 99.85* 100.24" 

Cations Per Formula Unit 

Si 0.001 0.001 0.003 0.004 0.002 0.980 0.981 2.674 
Ti 0.062 0.062 0.070 0.066 0.060 0.002 0.002 0.001 
A1 0.361 0.348 0,394 0.360 0.343 0.014 0.015 1.346 
Cr 1.350 1.376 1.263 1:277 1.386 0.006 0.004 - -  
Fe 1.029 1.015 1.027 1,086 0.977 0.274 0.279 0.002 
Mn 0.015 0.014 0.014 0.017 0.016 0.008 0.008 - -  
Mg 0.221 0.221 0.225 0.188 0.215 0.684 0.681 0.004 
Ca - -  - -  0.003 0,002 - -  0.035 0.033 0.333 
Na . . . . .  0.002 0.001 0.562 
K . . . . . . .  0.040 
Wo 3.5 3.3 
En 68.9 68.6 
Fs 27.6 28.1 
An 35.6 
Ab 60.1 
Or 4.3 
Usp 5.7 5.8 6.4 5.7 5.8 
Mt 94.3 94.2 93.6 94.3 94.2 

0.304 0.066 
0.003 0.005 
0.605 0.858 
0.076 0.055 

** All Fe analyzed and reported as FeO. 
* Totals calculated assuming all Mg, Fe, Ca and Mn as carbonate (all others as oxides). 
Ni and Cr not analyzed in carbonates. 

element (HREE)  enrichment ( 1 - 2 x  chondritic) in the pat- 
terns reported by Dreibus et al. (1994),  Mittlefehldt (1994),  
Warren and Kallemeyn (1996),  and us (Fig. 6).  Light rare 
earth elements (LREEs)  are at or slightly below chondritic 
values (Fig. 6) ,  but our bulk REE pattern is the only one 
among several studies that shows a slight enrichment of  La 
over Sm relative to chondrites (La/SmEN 1 > 1). Both of the 
splits we analyzed from the uncrushed, interior portion of  
the meteorite (split !08)  are enriched in LREEs (La/SmtN l 
> 1 ) compared to the two splits (split 109) from an interior 
crushed zone (Fig. 7) ,  indicating substantial LREE hetero- 
geneity within the meteorite. 

Our data suggest that the differences in REE patterns re- 
ported by several groups for ALH84001 could be due in part 
to different ratios of uncrnshed to crushed portions of the 
meteorite being analyzed. Mittlefehldt and Lindstrom 
(1994) have also observed significant variability in the REE 
patterns of  different splits of ALH84001. They attributed 
this to either heterogeneous distribution of  REE-rich phases 
derived from late-stage melts, or to the later addition of  
enriched metasomatic components. Wadhwa and Crozaz 
(1994) favored the latter interpretation arguing, based on ion 

microprobe data, that if  LREE-rich phases like apatite and 
feldspar had crystallized from a melt, they could not have 
crystallized from the same fractionating magma that was in 
equilibrium with early crystallizing pyroxene. Because the 
splits from the crushed zone of  the meteorite are substantially 
more LREE-depleted than splits from noncrushed portions 
of  the meteorite (Fig. 7) ,  we suggest that some of the REE 
heterogeneity in ALH84001 could be related to redistribution 
of  LREE-rich components during an alteration event post- 
dating development of the crushed zones. Mittlefehldt 
(1994),  Mittlefehldt and Lindstrom (1994),  and Wadhwa 
and Crozaz (1994) have also alluded to possible REE mobi- 
lization in ALH84001 by a hydrothermal alteration event, 
possibly related to the same event that deposited the carbon- 
ates. While the observed LREE-depletion within the crushed 
zones might suggest selective leaching of LREE-rich compo- 
nents from the crushed zones, we note that the carbonates 
probably postdate the last REE remobilization in the meteor- 
ite. Independent suggestions that the carbonates are < 4.0 
Ga (Ash et al., 1996; Wadhwa and Lugmair, 1996; Turner 
et al., 1997; Kring et al., 1997), if  correct, are consistent with 
a much younger age for the event associated with carbonate 
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Fig. 5. Carbonate compositions in ALH84001 (plotted data represent sixty-five individual analyses of six different 
complexly zoned carbonate patches in the same thin section). Molar compositions form an essentially bi-modal 
population of Mg-rich carbonate I magnesite) and more Fe-rich carbonate, with a few analyses of Ca-rich carbonate 
plotting above the main trend. Zoning within individual grains or carbonate patches is consistent throughout the thin 
section. Fe-and Ca-rich cores become more Mg-rich toward rims (arrow), followed by nearly pure magnesite (Mg- 
carbonate) rims which are interrupted by a single thin band of Fe(S)-rich carbonate, followed again by magnesite. 
Outer magnesite rims are occasionally rimmed again by a very thin ( < 1 #m) Fe(S ) layer. The Fe(S )-rich compositions 
are not plotted on the carbonate ternary, since their compositions reflect substantial magnetite and Fe-sulfide (see 
text). 

precipitation, as the REEs appear to have been last redistrib- 
uted at or about 4.5 Ga, based on Sm-Nd isotopic data (Ny- 
quist et al., 1995; Jagoutz, 1994). A Sm-Nd isochron age of 
~4.5  Ga, determined from a combination of  pure pyroxene 
separates and variably LREE-enriched and depleted splits of 
ALH84001 (Nyquist  et al., 1995), indicates that the REE 
heterogeneity in this meteorite is mostly ancient. While this 
may imply that the crushed zones are also ancient (i.e.. 4.5 
Ga),  we also note that this may not be consistent with evi- 
dence for the 4.0 Ga shock age of  the meteorite (Ash et al.. 
1996; Tumer et al., 1997). Taken at face value, the Sm/Nd 
heterogeneity between crushed and uncrushed zones implies 
that there was an impact event ~4.5  Ga. shortly after the 
rock crystallized, and another impact event ~4 .0  Ga which 
reset the K-Ar systematics in the feldspathic material. Fur- 
ther study of trace element distributions from different do- 

mains within the meteorite is clearly needed in order to 
evaluate these issues more thoroughly. 

We note that the REE patterns calculated for a parent 
magma in equilibrium with ALH84001 orthopyroxene (Pap- 
ike et al.. 1994; Wadhwa and Crozaz, 1994) have been inter- 
preted to indicate that ALH84001 crystallized from a moder- 
ately LREE-depleted magma having a significant negative 
Eu anomaly. However, as noted by Treiman (1996),  the 
homogeneous compositions of  ALH84001 orthopyroxene 
and the lack of  core-rim REE zoning (Wadhwa and Crozaz, 
1994; Papike et al.. 1994), suggest that subsolidus redistribu- 
tion and reequilibration of  REE between igneous phases 
could have altered the REE patterns in ALH84001 orthopy- 
roxene, casting uncertainty upon the issue of  the ALH84001 
parent melt composition. Although the REE systematics of 
ALH84001 are probably disturbed, we note that the initial 
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Table 2. Bulk major element composition of 
ALH84001 by INAA. 

Wt.% ALH 84001 % uncer. 

SiO2 50.3 
TiO2 0.220 17 
A1203 1.38 2 
Cr203 1.19 1 
FeO 18.4 1 
MnO 0.455 1 
MgO 26.1 3 
CaO 1.77 5 
Na20 0.132 1 
K20 0.015 6 

Note: SiO2 calculated by difference (100% 
minus the total wt.% of other oxides), with all 
Fe reported as FeO. All wt.% values represent 
weighted averages of combined splits. Uncer- 
tainties are 1-sigma values. 

eNa value of ALH84001 calculated from the 4.5 Ga Sm-Nd 
isochron of Nyquist et al. (1995) is approximately +1.75 
(slightly above chondritic), consistent with 142Nd/144Nd iso- 
topic data from younger SNC meteorites indicating rapid 
depletion of at least part of the martian mantle immediately 
following core formation (Harper et al., 1995; Borg et al., 
1997). 

5. ORIGIN OF SECONDARY CARBONATES 

The most obvious indicator of the hydrothermal processes 
which appear to have affected ALH84001 is the carbonate 
which now comprises ~3% of the rock. As described above, 
the carbonate is not uniform in composition but is strongly 
zoned. This suggests that the fluid composition associated 
with carbonate precipitation changed over time (Treiman, 
1995). It also means that the individual layers of carbonate 
were not in thermochemical equilibrium with each other. 
The high formation temperatures (e.g., Mittlefehldt, 1994; 
Harvey and McSween, 1996) inferred from terrestrial equi- 
librium multi-phase carbonate assemblages are, therefore, 
probably in error if the ALH84001 carbonates formed under 
metastable conditions. Thus, any attempts to use these car- 
bonate compositions to determine a temperature of crystalli- 
zation based on phase equilibrium constraints are suspect 
(Valley et al.. 1997). 

We note that the carbonate seems to be intimately associ- 
ated with maskelvnite (Mittlefehldt, 1994; Treiman, 1995; 
Harvey and McSween. 1996) or else appears to fill pockets 
within pyroxene that have similar morphology as pure 
maskelynite pockets in pyroxene (Fig. 4). These textural 
observations suggest to us that the carbonate was produced 
at the expense of maskelynite in a dissolution-replacement 
reaction involving CO2-charged fluids which saturated the 
rock. Carbonate replacement of plagioclase is a common 
occurrence in terrestrial systems where hydrothermal solu- 
tions have altered volcanic rocks, although reaction condi- 
tions (e.g., art2o, asio2, and pH) are probably quite different 
on the two planets. On Earth, carbonate replacement of pla- 
gioclase is usually associated with other secondary minerals 
like epidote, albite, chlorite, and kaolinite, none of which 

have been found in ALH84001 (or any hydrous minerals, 
for that matter, e.g., Treiman, 1995; Valley et al., 1997). As 
described by Treiman (1995) for A ~ 4 0 0 1 ,  a dissolution- 
replacement reaction involving~ carbonate and plagioclase 
(or maskelynite) requires removal of A1, Si, and Na, while 
Mg, Fe, and Ca are added in the presence of CO2. The 
textures also imply that the transport of A1, Si, and Na away 
from the reaction interface would have to be closely balanced 
by the delivery of Mg, Fe, and Ca to the interface. 

While we lack a specific mechanism for this type of meta- 
somatic alteration, we note that McKay et al. (1996) argue 
that the morphology of the carbonates indicates their growth 
was mitigated by microbial activity. Spherical or globular 
forms, with radiating crystal growth, have been known to 
precipitate in the presence of bacteria (Buczynski and 
Chafetz, 1993). However, these features can also be pro- 
duced in the absence of bacteria. For example, in CI-chon- 
drites, Ca-carbonate has been found with radiating crystal 
fibers which form globular forms with the same dimensions 
(~50  #m in diameter) as seen in ALH84001 (Fredriksson 
and Kerridge, 1988). Like the carbonate in ALH84001, CI- 
chondrite carbonate also occurs with magnetite. In the case 
of the CI-chondrite carbonate, i t  seems clear that it was 
produced by aqueous alteration of the original chondrite as- 
semblage (Fredriksson and Kerridge, 1988). Rather than 
relying on microbial life to produce the spherical or globular 
carbonate forms in ALH84001, we think it is more likely 
that this texture was produced because the carbonate was 
growing into a liquid or gaseous medium (as in CI-chon- 
drites) or, even more likely, by partial replacement of 
maskelynite. The concentric chemical zoning patterns indi- 
cate that crystal growth began at a single nucleation point 
and that the carbonate then grew in a radiating fashion to 
produce the hemispherical to fully globular forms illustrated 
by Treiman (1995), Harvey and McSween (1996), and 
McKay et al. (1996). 

Table 3. Bulk trace element composition of 
ALH84001 by INAA. 

ppm ALH 84001 % uncer. 

Sc 13.0 1 
Co 48.9 2 
V 197 2 
Zn 91.6 2.5 
Ga 3,24 4.1 
Cs 0.045 28 
La 0.185 5.8 
Sm 0.114 1.4 
Eu 0.040 9.1 
Tb 0,039 19 
Dy 0,310 24 
Ho 0.081 5.5 
Yb 0.317 6.9 
Lu 0.053 5.7 
Hf 0.180 7.3 
Ta 0.032 25 
W 0.079 28 

Note: All values represent weighted aver- 
ages of combined splits. Uncertainties are 1- 
sigma values. 
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Table 4. REE compositions of ALH84001 splits 108/109 determined by INAA. 

ppm split 108 T % uncer, split 108 M % uncer, split 109 T % uncer, split 2 109 M % uncer. 

La 0.237 5 0.318 10 0.136 7 0.050 6 
Ce - -  0.695 18 - -  - -  
Sm 0.127 1 0.165 2 0.103 2 0.071 2 
Eu 0.043 8 0.047 4 0.038 10 0.023 5 
Tb - -  0.039 19 - -  0.031 16 
Dy - -  0.310 24 - -  0.262 20 
Ho 0.083 6 - -  0.078 6 - -  
Yb 0.333 6 0.315 3 0.300 8 0.287 4 
Lu 0.051 6 0.052 6 0.055 5 0.051 3 

Note." Masses analyzed were: 108T (253.0 mg), 108M (21.4 mg), 109T (265.3 mg), and 109M (28.2 mg). Split 
uncrnshed, interior portion of the meteorite; split 109 (0.487 g) is from a crushed, interior portion of the meteorite. 
values. 

108 (0.567 g) is from an 
uncertainties are 1-sigma 

Because maskelynite is a glassy material, radiating crystal 
growth and spherulitic textures would have been a kinetically 
favored form of replacement (e.g., Lofgren, 1971). Here, 
our interpretation differs from that of Treiman (1995),  who 
argues that carbonate formed at the expense of plagioclase 
before being converted to maskelynite. An ancient age for 
maskelynite formation is, however, consistent with the 4.0 
Ga 4°Ar/39At shock age obtained by Ash et al. (1996) for 
ALH84001, indicating that plagioclase was converted to 
maskelynite and completely degassed in a large impact event 
on Mars at this time. All estimates of  the age of the carbon- 
ates in ALH84001 are so far younger than 4.0 Ga (Knott et 
al., 1995; Wadhwa and Lugmair, 1996; Kring et al., 1997). 
While Treiman (1995) appeals to evidence for nearly com- 
plete thermal annealing of the crushed zones before carbon- 
ate formation, we see little textural evidence in our sample 
for the kind of  metamorphic recrystallization that could have 
recrystallized maskelynite back to plagioclase. To us the 

meteorite appears to have retained mostly unrecrystallized 
cataclastic textures, consistent with maskelynite, not plagio- 
clase, being replaced by carbonate. 

The fluid reaction we envision was relatively low-temper- 
ature ( <  300°C) and short-lived, probably occurring over a 
period of  years, at the most l million years (Kfing et al., 
1997), and not likely to have occurred as a nearly instanta- 
neous event associated with hot vapor infiltration of the rock. 
Consequently we cannot reconcile our textural interpreta- 
tions with the interpretations of  Bradley et al. (1996),  who 
argue that the morphology of magnetite grains within the 
carbonate require vapor condensation at temperatures in ex- 
cess of  500°C . The maskelynite replacement reaction re- 
quires that the carbonate precipitated relatively quickly or 
at relatively low temperatures so that the remaining maskely- 
nite did not devitrify. It is difficult to constrain the length 
of time and/or  temperatures implied, because the devitrifi- 
cation of  maskelynite has not been extensively examined 
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Table 4 (Arizona data), Mainz data (Dreibus et al., 1994), Houston data (Mittlefehldt, 1994) and UCLA data (Warren 
and Kallemeyn, 1996). Patterns differ in the size of their Eu anomaly and amount of LREE-enrichment, indicating 
significant REE heterogeneity in this meteorite. 
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(Kring et al., 1997). The only experiments that have been 
done indicate that maskelynite did not begin to devitrify 
after 36 h at 360°C or after 6 h at 600°C (Bunch et al., 
1967). On the other hand, devitrification begins within 2 h if  
the temperature is very high (e.g., ~900°C) .  Consequently, 
based on the sparse data available, we tentatively conclude 
that the reaction took place at lower temperatures. 

6. CONCLUSIONS 

We have documented shock-deformation features, trace- 
element heterogeneities, and carbonate replacement textures 
in new samples of the martian meteorite ALH84001 which 
are consistent with most of the observations of previous 
investigators. Treiman (1995) had previously called atten- 
tion to petrographic textures in ALH84001 which indicate 
that at least some of the carbonate formed by replacement of  
plagioclase (now converted to maskelynite).  Such a reaction 
would require removal of A1, Si, and Na and introduction 
of  Mg, Fe, and Ca in the presence of  CO2 (Treiman, 1995). 
In contrast, we believe the textures in ALH84001 indicate 
that carbonate formation occurred after plagioclase had been 
converted to maskelynite. In either case, the dissolution- 
replacement reaction, if  correct, indicates all of the carbonate 
formed by inorganic processes. While there is some evidence 
that the crushed zones in the meteorite could have functioned 
as porous/permeable channels to focus infiltrating fluids in 
the rock, we conclude that any chemical alteration and REE- 
mobilization specific to the crushed zones was not related 
to the CO2 infiltration which produced the carbonates. REE 
mobility probably last occurred ~4.5 Ga, while carbonate 
formation most likely occurred -<4.0 Ga. 
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