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Introduction:  We showed earlier that the high 
SO3/Cl ratios found in secondary mineral assemblages 
in shergottite GRIM (gas-rich impact-melt) glasses 
likely formed from minerals that interacted with sul-
fate-rich solutions and the low SO3/Cl ratios found in 
salts from  nakhlite fracture-fillings presumably 
formed from minerals that interacted with chloride-rich 
solutions on Mars [1,2].  The sulfate/chloride ratios 
determined in salts from Martian meteorites are quali-
tatively similar to those found in hydrothermal solu-
tions on Earth [3]. Also, the SO3/Cl ratios determied in 
salt assemblages on rock-rinds (RAT) from Endur-
ance, Fram and Eagle craters seem to indicate that 
these salts formed by progressive evaporative concen-
tration of Martian brine waters mixed with sulfate-rich 
and chloride-rich fluids in varying proportons [1]. S, 
Cl, and Br inter-relationships in salt assemblages on 
rocks at Endurance, Fram and Eagle indicate that the 
salt compositons were not perturbed after they were 
once deposited and the salt deposition did not register 
contributions from multiple aqueous infiltration epi-
sodes. Instead, it appears to be a single event involving 
progressive evaporation of solutions filling the Endur-
ance crater basin at Meridiani [1]. 

The SO3/Cl ratios in these salt-assemblages instead 
of absolute abundances are considered as key evolu-
tionary indicators in the evaporating aqueous solu-
tions. The SO3/Cl ratios determined in some of these 
samples might closely reflect the S/Cl ratios of the 
altering fluids that infiltrated into the Meridiani rocks 
and gave rise to the salt assemblages [4].   

Experimental:  Mobile element abundances in salt 
assemblages in Martian meteorites were determined by 
EMPA and APSX Microporobe techniques [1,4] and 
by quadrupole mass spectrometry methods [5] and 
those in Meridiani and Gusev rock-rinds (RAT) were 
determined by APXS as given in [6,7,8].   

Results and Discussion: Sulfate-Chloride system.
Sulfate (SO3) and chloride (Cl) abundances determined 
on Meridiani rockrinds (RAT) [6-8] are plotted as 
SO3/Cl versus Cl in Fig.1. Also plotted in the figure 
are the data for shergottite GRIM glasses and nakhlite 
fracture-fillings from selected Martian meteorites 
[1.2,5]. 

Conservative element-bearing solutions, while un-
dergoing evaporative concentration in an isolated wa-
ter basin system might generate a linear array of con-
centrations [9,10]. The concentrations of conservative 
ions in the solutions increase in such a way that their 

ratios remain constant as water is removed from the 
system. That is, in the case of conservative elements 
such as S, Cl and Br, when we plot Cl along the ordi-
nate and the SO3/Cl ratio along the abscissa, the data 
points seem to fit to a hyperbola [9,10]. Meridiani data 
points for 20 rocks/outcrops (RAT) from Eagle,Fram 
and Endurance plot into a sausage-shaped curved field 
(Fig.1) suggesting a likely hyperbolic distribution. The 
property of this relationship is that it is transformable 
into a staright line by plotting the x-coordinate as the 
inverse of Cl-abundance, i.e. 1/ (Cl)m, shown in Fig.2. 
The underlying assumption in this procedure is that the 
participating  elements behave conservatively in this 
system [9,10]. The goodness of  fit for the plotted data 
points in Fig. 2 provides a test for the validity of the 
assumption that neither Cl contents nor SO3/Cl ratios 
in the deposited salt assemblages were perturbed after 
the salts were deposted once at the Karatepe-West 
(Burns formation) at Endurance. The SO3/Cl and Cl 
values plotted in Fig. 2 fit to a straight line yielding a 
correlation coefficient (r2 ) of  0.97. This data-fit indi-
cates that the evaporative concentration sequence in 
solutions bearing sulfates and chlorides at Endurance 
might have taken place in a single progression [1].  
This ordering clearly is difficult to achieve if the depo-
sition events occurred in random episodes.   

Chloride-Bromide system. Cl and Br behave as 
conservative tracers in Martian fluids as in the case of 
terrestrial seawater [4]. This inference is based on the 
results obtained by comparing Cl and Br abundances 
in salt assemblages in nakhlites with those obtained 
from rock-rinds (RAT) at Meridiani and Gusev [4,6, 
8,11]. Martian meteorites revealed that the salt assem-
blages in Nakhla yielded high Br (~250 ppm) and low 
Cl/Br ratios (~10-15) suggesting salt formation from 
relatively concentrated fluids belonging to advanced 
satges in a progressive evaporation sequence. On the 
other hand, Lafayette iddingsite [12] yielded low Br 
(~11 ppm) and high Cl/Br ratios (~250-300) indicating 
salt formation from relatively dilute solutions related 
to early evaporation stages. Furthermore, the halogen 
ratios in these Martian meteorites are consistant with 
the petrographic evidence recording the sequential 
deposition of secondary mineral phases, i.e. carbonate-
sulfate-halite, preserved in nakhlite veins during 
evaporative concentration of brine fluids on Mars. 

   As in the case of Figs. 1 and 2, we plot the Cl/Br 
versus Br (figure not shown) and Cl/Br versus 1/Br 
(Fig.3) using APXS data obtained for the same rock-
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rinds at Meridiani. The nomenclature used for these 
rocks in Figs. 2 and 3 are the same as in the case of 
[7]. The amounts of brine (correspondingly Br) re-
tained in the rock-fractures/crevices during dessication 
might vary according to porosity and permeability of 
the host rocks. The data points of Cl/Br plotted against 
Br (figure not shown) for Meridiani RATed rocks 
yield a hyperbolic distribution which transforms into a 
staright line (r2=0.94) on plotting Cl/Br versus 1/ Br 
(Fig.3). This correlation reaffirms that the chloride and 
bromide in the fluids that gave rise to these evaporite 
salts on Meridiani rocks behaved conservatively with-
out introducing any fractionation as in the case of the 
sulfate-chloride system. It further indicates neither the 
Br contents nor the Cl/Br ratios in the deposited salt 
assemblages were perturbed after the evaporite salts 
were deposited once at the Karatape-West (Burns for-
mation) as in the case of SO3 – Cl system (Fig.2). Such 
closely-coupled chemical behavior between these three 
anions could perhaps be maintained only in solutions 
that are fairly acidic in character.

Application of “geochemical divide” considera-
tions [13] to the abundance profiles of CaO and FeO 
relative to MgO with respect to sulfate/chloride in salt 
assemblages on Meridiani rocks suggest that Ca and 
Fe precipitated as divalent ions from the acidic solu-
tions and later Fe2+ was oxidized to Fe3+  on rock-rinds 
at Meridiani [1]. 

References: [1] Rao M. N. et al. (2006) JGR sub-
mitted. [2] Rao M. N. et al. (2006a) LPS XXXVII, Ab-
stract #1969. [3] Newsom et al. (1999) JGR, 104,
8717-8728. [4] Rao M. N. et al. (2005) JGR, 110,
E12SO6. [5] Gooding J. L. et al. (1990) Meteoritics,
25, 281-289. [6] Gellert R. et al. (2006) JGR,
111.E02505. [7] Clark B. C. et al. (2005) Earth Planet. 
Sci. Lett., 240, 73-94. [8] Reider R. et al. (2004) Sci-
ence, 306, 1746-17949. [9] Langmuir C. H. et al. 
(1978) Earth Planet. Sci. Lett., 37, 380-392. [10] 
Faure G. (1998) Principles and Applications of Geo-
chemistry, Prentice-Hall, 600pp. [11] Sutton S. R. et 
al. (2002) LPS XXXIII, Abstract #1278. [12] Treiman 
A. H. et al. (1993) Meteoritics, 28, 86-97. [13] Tosca 
N. J. et al. (2005) Earth Planet. Sci. Lett., 240,122-
148.

Captions: Fig. 1 SO3/Cl versus Cl on rocks 
(RAT) from Meridiani (Karatepe-West, Eagle and 
Fram) and Gusev, GRIM glasses from shergottites and 
iddingsite-carbonate salt-mixtures from nakhlites. Me-
ridiani rock nomenclature is the same as in Clark et al. 
[7]. Also shown for comparison are the average com-
positions of sulfate-rich and chloride-rich solutions of 
hydrothermal origin on Earth. Fig. 2. SO3/Cl versus 

1/Cl plot for Meridiani (RAT) rocks showing the trans-
formation of hyperbolic distribution into a straight line 
relation. Rock nomenclature is the same as given in 
[7]. Fig. 3.  Cl/Br versus 1/Br plot (similar to the Fig.2 
format) showing the transformation of the hyperbolic 
distribution into a straight line relationship. The rock 
nomenclature is the same as in Fig.2.  
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