
PROGRESSIVE EVAPORATION AND RELICT FLUID INCLUSIONS IN THE NAKHLITES.  J. C. 
Bridges, M. P. Smith and M. M. Grady, Department of Mineralogy, Natural History Museum, London SW7 5BD, 
UK (jcb@nhm.ac.uk). 

 
 
Introduction: The 3 nakhlites have closely similar 

petrographic features, crystallisation and cosmic ray 
exposure ages [1-3].  The parent lava flows or intru-
sions may therefore have been closely associated on 
Mars.  There are, however, petrographic features 
which distinguish the meteorites.  The 3 nakhlites 
have individually been shown to contain parts of 
evaporite mineral assemblages [4-6]. Lafayette has 
Ca-siderite and clay minerals along fractures within 
olivine; Governador Valadares contains clay mineral 
veins in olivine, with siderite, gypsum and anhydrite 
in interstitial areas; Nakhla has clay and gypsum veins 
in olivine, with Mg-, Mn-rich siderite, anhydrite and 
halite in interstitial sites.  Here we describe a model of 
progressive evaporation from a single generation of 
brines through the parent rocks to account for these 
mineral assemblages.  A model of evaporation has 
also been suggested for the carbonates in ALH84001 
[7].  We have previously proposed a high temperature 
model for the nakhlites [4] but in the light of our new 
combined data on the 3 meteorites we now explore an 
alternative low temperature origin.  As part of this 
work we are also studying fluid inclusion trails in 
Nakhla.  These can potentially reveal quantitative 
information about the composition and temperature of 
any fluids which may have interacted with the parent 
rock. 

Techniques:  Mineral analyses were made on pol-
ished sections of the nakhlites by the procedure de-
scribed elsewhere [4-6].  Six doubly polished, 100 µm 
thick demountable sections of Nakhla (BM 1911, 369; 
BM 1913, 26) have currently been prepared for fluid 
inclusion studies.  Preliminary heating and cooling 
experiments on the inclusions were made with a 
Linkam TMS 93 stage.  The fluorescent properties of 
the sections were examined with a 488 nm UV source 
microscope.   

Relict fluid inclusions: The 3 nakhlites each con-
tain abundant relict fluid inclusions (<10 µm).  These 
are present along fractures and show up under the 
microscope as dark trails within augite grains (Fig. 1).  
These features, together with heating stage work, dis-
tinguish them from high temperature melt inclusions. 
The great majority of fluid inclusions have decrepi-
tated at some stage in their history, possibly during a 
shock event and these empty inclusions appear dark in 
thin section.  Other fluid inclusions have only partially 
decrepitated and show dark rims between the fluid and 
their outer margin.  Both types typically have mi-
crofractures around them.  A small minority of inclu-

sions within these trails have, however, escaped de-
crepitation [8].  

An acute problem encountered during our study of 
these inclusion trails was contamination during sam-
ple preparation.  Empty fluid inclusions can some-
times take up mounting resin and oil [9].  UV micros-
copy generally enabled identification of such artefacts, 
resin in particular being strongly fluorescent.  How-
ever, currently we have no consistent homogenisation 
or ice melting temperatures to report from our studies 
of the inclusions and so are checking the results from 
sections prepared in different ways (e.g. either pol-
ished in oil or water.  The potentially significant na-
ture of these inclusions in terms of understanding wa-
ter on Mars makes this process worthwhile.   

 
Fig. 1.  Dark trail of decrepitated secondary fluid inclusions 
in Nakhla augite grain.  PPL,  field of view 2 mm. 

 
Evaporation model:  The identity and min-

eral chemistry of the salt assemblages of the nakhlites, 
outlined in the introduction, have been described 
elsewhere [4-6] so here we outline a model which may 
account for the variations identified between the mete-
orites. 

The nature of the evaporite mineral assem-
blages implies that they could have crystallised from a 
brine broadly similar to the terrestrial Na-K-Mg-Ca-
SO4-Cl-H2O type which is found in a variety of envi-
ronments.  However, the nakhlite fluid must have had 
a low K content and significant amounts of SiO2 and 
Fe, probably in a near-surface setting.  This fluid is 
likely to have remained at low pH and negative alka-
linity throughout its evolution.  Schaeffer [10] mod-
elled the geochemical evolution of the martian hydro-
sphere and much of the model is applicable here (e.g. 
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lower limits for HCO3
- concentration in water that had 

exchanged with CO2 in the martian atmosphere).  Fig. 
2 shows the results of a progressive evaporation model 
which uses ‘Geochemist’s Workbench’ software.  The 
parameter ranges used were pCO2(g) = 30-100 mbar, 
HCO3

- = 61-800 mg/kg and most of the starting cation 
concentrations were those of terrestrial seawater.  The 
fluid temperature was 10-25oC.  However, K+ was set 
to a negligible value and Mg and SiO2(aq) to higher 
values 1500 and 200 mg/kg – in order to make the 
calculated mineral assemblages more consistent with 
those present in the nakhlites.  The same, or closely 
similar, results were obtained across the range of at-
mospheric and fluid parameters above.   

The results of the model calculation on Fig. 2 
show free SiO2.  As there is no such phase associated 
with the evaporite assemblages, it is likely that this 
reacted with olivine and water to form the clay or pre-
cipitated as part of a silicate gel within cracks of the 
olivine grains [11], subsequently forming the smec-
tite/illite.  The species data base upon which the 
evaporation program is based does not include either 
P, Fe or Mn.  The lack of Fe causes the calculated 
carbonate composition to be dolomite rather than side-
rite.  However, in practice the high Fe concentration 
of the low temperature fluid considered here is consis-
tent with siderite as the actual phase and so this is 
shown on Fig. 2.  

The model (starting with 1000 g of brine) can be 
used to trace the extent of evaporation that the fluid 
had undergone in each of the parent rocks.  The free-
SiO2 (giving clay) and carbonate-bearing assemblage 
where >25% volume of the water remains corresponds 
to Lafayette; the gypsum and anhydrite, free-SiO2 
(clay), carbonate assemblage where 20% of the water 
remains corresponds to Governador Valadares; the 
halite, anhydrite, Mg-rich carbonate, clay assemblage 
in Nakhla suggests that <10% of the water remained 
in its parent.  The presence of Mg-sulphate traces in 
Nakhla [12] might mean that evaporation was almost 
complete, with <5% water remaining. Precipitation of 
Ca-rich carbonate followed by more Mg-carbonate and 
gypsum is a common trend within evolving brines.  In 
one section of Nakhla, halite was found to be >10 
times more abundant than other salt phases [4] so 
relative volumes in Fig. 2 are broadly consistent with 
petrographic observations. 

Brine in the parent rocks: Progressive brine 
evaporation through the nakhlite parent rocks can 
account for the varying salt assemblages found within 
the 3 meteorites.  This variation between the meteor-
ites is further evidence that although the nakhlites are 
closely related they are distinct in origin.  It is possible 
that brine was trapped within abundant fluid inclu-
sions which are now mostly decrepitated.  However as 

we have not yet identified halite in the inclusions this 
is not established. 

Progressive evaporation suggests that the past mar-
tian climate (≤1.3 Ga in this case) was above freezing 
point, at least episodically.  Changes in the obliquity 
of Mars over the last 1.3 Ga on timescales of 105 to 
107 years caused major variations in the distribution of 
solar insolation and warmer periods [13].  Our model 
is also consistent with the presence of thicker CO2 
atmospheres (e.g. 30-100 mbar) at times ≤ 1.3 Ga.   

Fig. 2.  Model of progressive evaporation of a brine 
through the nakhlite parent rocks.  Minerals precipitated at 
varying stages are shown, mass H2O is the amount of water 
remaining during evaporation.  On the top of the diagram 
the evaporation stages corresponding to salt assemblages 
present within each of the nakhlites is shown.  
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