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Introduction:  Carbonates in the oldest martian 

meteorite, ALH 84001, offer potentially important 
clues to understanding ancient fluid-rich 
environments on Mars.  Abundances of a variety of 
trace elements have previously been reported in 
ALH84001 carbonates (e.g., [1-6]).  The motivation 
for this trace element investigation of ALH 84001 
carbonates was to test the hypothesis that these 
carbonates were formed as a result of complex 
processes involving precipitation followed by one or 
more stages of alteration (including shock and 
thermal decomposition) [7].  Additionally, it was 
hoped that using trace elements as fluid tracers and 
stratigraphic markers might help shed light on 
whether or not the slab carbonates, rims and post-slab 
magnesites represent multiple generations of 
carbonate formation [6,8,9]. 

Methods:  Major element compositions of 
carbonates in thin sections ALH 84001,302 and ALH 
84001,303 were documented with the JEOL JXA 
8900R electron microprobe at the Smithsonian 
Institution, National Museum of Natural History.  
Subsequently, abundances of rare earth elements and 
other trace elements were measured in selected 
carbonate areas in both thin sections using the 
modified CAMECA ims-3f ion probe at Washington 
University in St. Louis. Sensitivity factors for Sr and 
REE abundances were determined using a natural 
carbonate standard and typical (1σ) errors in the 
concentrations of these elements are ~±10%; for 
determining the concentrations of Ti, Cr, Y, Zr, Rb, 
and Ba, the sensitivity factors used were those 
appropriate for an oxide matrix and, therefore, their 
abundances may have errors of up to ~±30-40% from 
matrix effects. 

Results and Discussion:  Results of our 
carbonate analyses are illustrated in Figs. 1 and 2.  
As noted above, 1σ errors are typically ~±10% for 
the REE and Sr, and may be up to ~±30-40% for the 
other trace elements (errors are not plotted in Figs. 1 
and 2 for the sake of clarity).  The analyzed 
carbonates were from the following distinct textural 
groups [9]: high-Ca slab carbonate (302-1, 303-1), 
high-Mg slab carbonate (302-2, 302-3, 303-2) and 
post-slab magnesite (302-4).  Average REE 
abundances for carbonates from each textural group 
are given in Table 1.  The total range of REE 

abundances in all the carbonates analyzed here is 
relatively small (i.e., La ~3-8 x CI), with the high-Ca 
slab carbonate having the highest concentrations of 
REE (as well as Y and Sr) and the high-Mg slab 
carbonate having the lowest abundances of these 
elements.  The abundances of REE in the post-slab 
magnesite are intermediate between these two end 
members.   

Overall, the REE patterns of carbonates from all 
textural groups  are LREE-depleted. The degree of 
LREE-depletion is similar in the high-Ca and high-
Mg slab carbonates (chondrite normalized La/Lu 
~0.1).  In comparison, the post-slab magnesite has a 
somewhat flatter REE pattern (chondrite normalized 
La/Lu ~0.2).  

The range of REE abundances and patterns in the 
slab carbonates may be explained by progressive 
crystallization from the same fluid.  In this scenario, 
the earlier formed high-Ca slab carbonates 
preferentially incorporated the REEs (as well as Y 
and Sr), such the residual fluid became progressively 
more depleted in these elements with increasing 
crystallization of the more calcic carbonates. 
Subsequently, the high-Mg slab carbonates formed in 
equilibrium with the depleted residual fluid and, 
therefore, contained lower concentrations of the 
REEs (and Y and Sr).  The intermediate REE 
abundances and flatter REE pattern of the post-slab 
magnesite is more difficult to explain in terms of 
progressive crystallization from the same fluid as that 
which formed the slab carbonates.  Therefore, it is 
possible that the post-slab magnesite formed from the 
fresh influx of a fluid distinct from that which formed 
the slab carbonates. 

The REE composition the ALH 84001 carbonates 
analyzed here suggests that the fluids from which 
these carbonates were precipitated were themselves 
LREE depleted.  This in turn may be a reflection of 
the fact that HREEs have a greater tendency to form 
complexes with carbonate ions in aqueous fluids 
[10,11].  Alternatively, the LREE depletion in the 
fluids which resulted in the precipitation of these 
carbonates may be a result of equilibration with a 
LREE-depleted phase such as the orthopyroxene 
[12], which is the predominant mineral in ALH 
84001.   

It is notable that the LREE depleted patterns of 
the orthopyroxene and carbonates in ALH 84001 are 
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distinctly different from the LREE enriched patterns 
of the feldspathic glasses and apatites that are 
suggested to have formed from a later, LREE-rich 
melt infiltrating the orthopyroxene cumulate pile 
[12].  The fact that carbonates do not have REE 
patterns similar to those exhibited by feldspathic 
glasses is further support that they did not form by 
replacement of the latter phase.  Furthermore, the fact 
that variations in REE (particularly the LREE) 
concentrations and patterns are small, even in 
carbonates in contact with feldspathic glasses, 
supports the hypothesis of [9] that these carbonates 
were not significantly altered by diffusive exchange 
with feldspathic glasses, even though diffusion rates 
in microcrystalline carbonate may be elevated with 
respect to larger calcite crystals.  However, since the 
spot sizes of our analyses are ~20 µm across, we are 
unable to resolve trace element concentration 
variations on a smaller scale.  

The trace element abundances reported here are 
generally in agreement with the results of previous 
studies [1-5].  As also determined by [3], ALH84001 
carbonates show enrichments in Sr, Y, Ce, La, Nd 
and Ba and depletions in Zr and Rb with respect to 
chondritic abundances (Fig. 2). As discussed by [3], 
such a composition (i.e., particularly the near-
chondritic abundances of the REE and low Zr and Rb 
concentrations) is most analogous to that of terrestrial 
marine carbonates, although the latter have distinctly 
lower Ba concentrations.  The low Ba content of 
terrestrial marine carbonates results mainly from the 
fact that Ba is scavenged from seawater by barite 
precipitation.  Therefore, it is possible that the 
relatively higher Ba concentrations in the ALH 
84001 carbonates are due to precipitation from fluids 
having a trace element composition broadly similar 
to that of terrestrial seawater, but from which barite 
has not precipitated [3].   

Finally, it is notable that although the Ti and Cr 
abundances of the slab carbonates are relatively 
uniform, those in the post-slab magnesite (302-4) are 
significantly higher (by a factor of *~4).  This lends 
further credence to the suggestion made earlier 
(based on the REE abundances and patterns) that the 
slab carbonates were initially formed from 
progressive crystallization from a single fluid, and 
that the post-slab carbonates were subsequently 
formed from fresh influx of fluid having a 
composition distinct from that which formed the slab 
carbonates.  

References: [1] Wadhwa and Crozaz (1995) LPSC 26, 
1451. [2] Shearer et al. (1997) LPSC 28, 293. [3] Eiler et 
al. (2002) GCA 66, 1285. [4] Flynn et al. (2002) LPSC 33, 
#1648. [5] Wadhwa et al. (2002) LPSC 33, #1362. [6] 

Corrigan et al. (2003) MAPS 38, #5274. [7] Brearley 
(2003) MAPS 38, 849. [8] Corrigan and Harvey (2002) 
LPSC 33, #1051. [9] Corrigan and Harvey (2004) MAPS in 
press. [10] Cantrell and Byrne (1987) GCA 51, 597. [11] 
Lee and Byrne (1992) GCA 57, 295. [12] Wadhwa and 
Crozaz (1998) MAPS 33, 685. 

  Concentration/CI 
  high-Ca slab low-Ca slab post-slab
Ca 11.11 7.72 3.85 
Sr 15.16 9.08 8.88 
La 6.41 4.34 4.09 
Ce 5.34 4.18 3.86 
Pr 5.02 4.37 3.91 
Nd 6.24 4.62 4.67 
Sm 9.31 7.34 6.92 
Eu 9.35 6.16 9.21 
Gd 10.11 5.72 8.57 
Tb 11.76 11.28 11.42 
Dy 15.61 12.24 12.08 
Ho 17.75 15.49 17.78 
Er 23.30 19.62 22.1 
Tm 27.25 25.45 20.69 
Yb 32.23 28.84 15.46 
Lu 47.15 30.52 22.93 

 
Table 1: Average chondrite normalized trace element 
concentrations in ALH 84001 carbonates from each of the three 
textural groups; see text for discussion of errors. 
 

 
Figure 1: Chondrite normalized REE abundances in carbonates of 
ALH 84001. 

 
Figure 2:  Chondrite normalized trace element abundances in 
carbonates of ALH 84001, which are similar to those determined 
by [3]. 
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