
 

 

Low Temperature Near-Surface Thermochemical Modelling 

of the Alteration Assemblage in Martian Meteorite ALH84001 

The oldest (≥4.1 Ga, [1, 2]) known martian meteorite Allan Hills 84001 (ALH84001) underwent aqueous alteration that produced its secondary assemblage ~3.95 Ga ago [3]. We carried 

out thermochemical modelling to understand the alteration process and the nature of the early martian fluid. Conditions in our model correspond to those thought to have been typical near 

the surface of early Mars, including evaporation and chemical leaching. We have found that some of these conditions form carbonate compositions in the host rock similar to the ones 

observed in ALH84001, but also produce a phyllosilicate assemblage that is not observed in the meteorite. Leaching the clay mineral montmorillonite and using the resulting fluid to alter 

the host rock of ALH84001 at 20 ºC produces an alteration assemblage dominated by carbonates analogous to those in the meteorite. 

Introduction 

ALH84001 is a cumulate orthopyroxenite containing <1 vol. % of secondary carbonate [4, 

5]. Some of these carbonates are zoned ‘rosettes’ of varying composition from core to 

rims (Fig. 1). The rims contain structures and magnetite crystals proposed to be biogenic 

[6], but have since been explained abiogenically [e.g. 7, 8]. 
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Results 

 In simple alteration scenarios of the host rock with water, carbonates were only pro-

duced with CO2 pressure >1 bar and T ≥20 ºC (Fig. 2). 

 Carbonate composition and quantity varied with W/R in simple alteration models (Fig. 

2). Ankerite, siderite and magnesite are observed in ALH84001, but no magnesite 

was produced in these models (Fig. 2). Generally, in these scenarios the mass of car-

bonates produced relative to other secondary minerals increased with W/R. 

 Relative quantities of carbonate dramatically increased with evaporation after altera-

tion, but still only at ≥20 ºC and CO2 pressure >1 bar (Fig. 3). 

 Leaching celadonite and nontronite prior to alteration produced carbonates in the 

host, but did not significantly increase the quantity produced, and then only at in-

creased CO2 pressures (>1 bar). 

 Leaching montmorillonite significantly increased the amount and variety of carbonates 

produced, including compositions found in ALH84001 (Fig. 4), both at 1 and 2 bar of 

CO2 pressure. 

 In all models, an assemblage of minerals not found in ALH84001 were produced, in-

cluding phyllosilicates and amphiboles (e.g. Fig. 3). 

Central to the debate on biogenicity are the P–T conditions at which the carbonates 

formed. There is little agreement in the literature, which invokes cryogenic formation [9] to 

hydrothermal deposition after an impact [10]. Recent isotopic analyses suggest the altera-

tion formed by evaporation of a fluid at ~18 ºC [11] after weathering clays [12]. 

Methods 

Thermochemical modelling has been used successfully to investigate the hydrothermal 

alteration in the nakhlite group of martian meteorites [13],  and the possible formation of 

hydrothermal carbonates [14] and phyllosilicates [15] on Mars. 

We have thermochemically modelled the alteration using CHIM-XPT [16] to test the fol-

lowing scenarios (see Table 1 for P–T conditions): 

(a) Alteration under specific P–T conditions and varying water-to-rock ratios (W/R, in 

mass). 

(b) Evaporation scenarios, post-alteration of the host rock. 

(c)  Three different leaching scenarios, where a simple carbonic fluid leached the clay min-

erals (i) celadonite, (ii) nontronite, and (iii) montmorillonite respectively, and then per-

meated the host rock. (All three clays are thought to exist on the surface of Mars based 

on remote sensing observations with orbital spectrometers [17, 18] or the Mars Explo-

ration Rovers [19].) 

Conclusions 

 The alteration minerals in ALH84001 were most likely produced when a fluid permeat-

ed through cracks in the host rock, after leaching a montmorillonite-like clay at ~20 ºC 

and at an atmospheric CO2 pressure of ~1 bar. 

 Evaporation of the alteration fluid from the host rock further brings the composition of 

the modelled alteration minerals closer to the observed composition in the meteorite, 

signifying that evaporation played an important role in the alteration process. It is like-

ly there were stages of evaporation and stages in which the alteration fluid was re-

plenished. 

 This modelled scenario is compatible with a near-surface alteration scenario on early 

Mars, not necessarily involving hydrothermal activity. 

Figure 2. Carbonates after aqueous alteration of the ALH84001 host rock at 20 ºC and 2 bar 

CO2. (a) Carbonate composition proportions in the alteration assemblage. (b) Carbonate compo-

sition changes plotted on a carbonate endmember triangle. Note the absence of magnesite (see 

text). 
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Table 1. P–T conditions tested in the alteration models. 

Total CO2 pressure 
(bar) 

Temperature (°C) 

  15 20 25 

a) Alteration of the ALH84001 host (W/R = 0.1–1000) 

 Carbonates produced in host? 
1 N N N 
2 N Y Y 

b) Post-alteration evaporation (initial W/R = 0.1–5) 

 Carbonates produced in host? 
1 N N N 
2 N Y Y 

c) (i) Leaching celadonite (W/R = 300) + alteration of host (W/R = 0.1–1000) at 20 °C 

 Carbonates produced in host? 
1 N 
2   Y   

(ii) Leaching nontronite (W/R = 300) + alteration of host (W/R = 0.1–1000) at 20 °C 
1 N 
2 Y 

(iii) Leaching montmorillonite (W/R = 108) + alteration of host (W/R = 0.1–1000) at 20 °C 
1 Y 
2 Y 

Figure 1. Close-up of the zoned carbonate 

‘rosettes’ in ALH84001. (Optical microscope.) 
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Figure 3. Changes to mineral precipitation with isothermal evaporation of water at 20 ºC from a post-

alteration system with initial W/R = 0.5 and atmospheric CO2 pressure = 2 bar. Hatched bars indicate nega-

tive change. 

Figure 4. Carbonates after alteration of the ALH84001 host rock with a montmorillonite-leaching 

fluid at 20 ºC and 1 bar CO2. (a) Carbonate composition proportions in the alteration assemblage. 

Dashed lines indicate proportions after evaporation. (b) Carbonate composition changes plotted 

on a carbonate endmember triangle. Red: alteration with water and 2 bar CO2 (as in Fig. 2b). 

Green: alteration after leaching. Blue: evaporation from W/R = 230 after leaching + alteration. 
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