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Introduction:  There is now a wealth of data ac-

quired from spacecraft in orbit around Mars, comple-
mented by results from in situ instrumentation carried 
by the Spirit and Opportunity rovers, as well as the 
Phoenix lander. Results from these missions have built 
up a picture of the distribution of different mineral 
phases across Mars’ surface, and how these record 
changes in climate. A chronology of Mars has been 
proposed based on mineral distribution [1]. Mars is 
recognised as having had environments in the past that 
were water-rich and potentially supportive of life. Un-
derstanding how long these environments persisted and 
their physical and chemical conditions is essential for 
understanding the aqueous evolution of early Mars. 
We have, on Earth, a suite of martian meteorites that 
contain minerals that were formed by alteration on 
Mars’ surface. Measurements made on martian meteor-
ites complement data from spacecraft exploration of 
Mars, and until we have a mission that returns material 
directly from the planet, these meteorites are the only 
physical objects that we have to help us understand 
martian geology and processes on Mars. 

Alteration assemblages in martian meteorites:   
Nakhlites crystallised 1.3 billion years ago [2], i.e. at 
the boundary between the early- and mid-Amazonian 
epochs [3], and emanate from different depths from a 
sill or dyke emplaced close to the martian surface [4]. 
They contain microscopic evidence of secondary min-
erals and features resulting from interaction with wa-
ter, including iron-rich carbonates, sulphates, halite 
and clay minerals [5]. The iron-rich carbonates are 
intimately mixed with the clay minerals, implying that 
they formed together, or at least in the same fluid alter-
ation event [6]. It has proved difficult to measure the 
age of the clay minerals, because of their fine-grained 
nature, but on the basis of K-Ar data, they are thought 
to be up to 700 Ma old [7, 8]. There are no reported 
ages for carbonates in nakhlites, but they must be 
younger than their 1.3 Ga crystallisation age, and the < 
700 Ma age for the clay minerals is more likely to be 
an age for a clay-carbonate mixture. The secondary 
minerals form a sequence that has been interpreted as a 
mineral assemblage produced by progressive deposi-
tion from an evaporating brine [6]; if Mars, in the past, 
had been colder and drier than previously thought, then 

this alteration scenario will have to be re-evaluated. 
ALH 84001 has a mineralogy, petrology and thermal 
history that sets it apart from the other martian meteor-
ites [9]; it is the oldest of all (early Noachian; crystalli-
sation age ~ 4.5 Ga; ref. 2). Although it contains an 
abundance of carbonates (~ 1 vol. %), there are few 
other signatures of alteration, implying an unusual his-
tory of secondary alteration [10]. Age-dating of the 
carbonates in ALH 84001 has shown them to be ~ 3.9 
Ga old [11, 12], younger than the formation age of the 
meteorite [2], but close to its shock age [13]. 

Observations:  Comparison of results from mar-
tian meteorites are not entirely consistent with results 
deduced from remote observations. For example, the 
early Noachian epoch is believed to be a time when 
water was relatively abundant and widely-distributed 
on the surface of Mars, and remote observations have 
identified the presence of phyllosilicates as a marker 
for this period in Mars’ history. In contrast to this, 
however, the oldest of the martian meteorites, ALH 
84001, is not known to contain phyllosilicates: there 
has been one report of mica within the sample [14]. 
This was found within a carbonate grain, and identified 
by TEM, an inference being that phyllosilicates were 
rare and/or difficult to find within ALH 84001. This 
contrasts with the carbonate-clay mineral assemblages 
in nakhlites, in which veins of a variety of phyllosili-
cates up to 100s of microns across can readily be iden-
tified in sections of the meteorites. Even though ALH 
84001 is seemingly poor in phyllosilicates, it does con-
tain a few weight percent of sulphides. The chronology 
of surface processes on Mars based on mineral identi-
fication places formation of sulphur-bearing minerals 
at a later epoch of Mars’history, when water was much 
less abundant than in earlier times. We have identified 
regions within ALH 84001 where there is an intimate 
mixture of sulphides with carbonates. We intend to 
look more closely at these regions, in order to deter-
mine whether, like the assemblages in nakhlites, there 
are phyllosilicates mixed within these assemblages. If 
phyllosilicates are absent, then this places severe con-
straints on the environment under which the secondary 
products in ALH 84001 formed, because modelling 
implies that carbonate formation in the absence of 
phyllosilicates requires a very high water to rock ratio 
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[15], whilst other studies suggest that the carbonates in 
ALH 84001 formed under a regime of restricted water 
flow [REF]. 

Summary: Comparison of results from direct 
analysis of secondary minerals in meteorites with ob-
servations acquired remotely should allow us to exam-
ine the inter-relationship between different generations 

of secondary minerals. If it is possible to determine the 
age of specific martian weathering materials, then we 
can strengthen links between meteorite data and results 
from satellite imagery, and derive a more detailed 
chronology for the martian surface. 
 

 

 
Figure 1: Relationship of the crystallisation history of martian meteorites to the chronology and stratigraphy of 

Mars [1, 16, 17]. Crystallisation ages of meteorites from [2, 18]. Secondary alteration from [7, 12]. Mars global 
change marks the posited switch from a warm and wet Mars to a cold and dry planet [1]. After Bibring et al. [1]. 

 
 

 

 

Figure 2: Top: False coloured image of two carbonate 
rosettes in ALH 84001 (Mg - red, Fe – green, Si – 
blue). Bottom: (a) pitted surface texture of the magne-
site and ankerite; (b) assemblage of micron to sub-
micron grains of siderite, pyrite and pyrrhotite. 
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