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Abstract Lithium (Li), the lightest of the alkali elements, has geochemical properties that include high
aqueous solubility (Li is the most fluid mobile element) and high relative abundance in basalt-forming min-
erals (values ranking between 0.2 and 12 ppm). Li isotopes are particularly subject to fractionation because
the two stable isotopes of lithium—7Li and 6Li—have a large relative mass difference (�15%) that results in
significant fractionation between water and solid phases. The extent of Li isotope fractionation during aque-
ous alteration of basalt depends on the dissolution rate of primary minerals—the source of Li—and on the
precipitation kinetics, leading to formation of secondary phases. Consequently, a detailed analysis of Li iso-
topic ratios in both solution and secondary mineral lattices could provide clues about past Martian weather-
ing conditions, including weathering extent, temperature, pH, supersaturation, and evaporation rate of the
initial solutions in contact with basalt rocks. In this paper, we discuss ways in which Martian aqueous proc-
esses could have lead to Li isotope fractionation. We show that Li isotopic data obtained by future explora-
tion of Mars could be relevant to highlighting different processes of Li isotopic fractionation in the past, and
therefore to understanding basalt weathering and environmental conditions early in the planet’s history.

1. Introduction

1.1. Lithium Isotope Geochemistry
Lithium (Li) isotope geochemistry investigations provide important information about the balance between
silicate-bearing minerals in source rocks and the geochemical processes associated with the weathering of
primary silicates in aqueous environments [see, e.g., Chan et al., 1992; Hathorne and James, 2006; Decarreau
et al., 2012; Ryu et al., 2014]. Usually Li can be found, in the range of ppm, in almost all primary minerals
present in basalt because of its small ionic radius, similar to Mg [Seitz and Woodland, 2000; Seitz et al., 2006;
Tang et al., 2007; Brant et al., 2012].

The two stable isotopes of lithium—7Li and 6Li—have a large relative mass difference (�15%) that results in
significant fractionation between water and solid phases, providing important information on chemical
weathering processes [Chan et al., 1992, 1994]. Dissolution of basalt occurs according to a congruent mech-
anism, which by itself does not cause an appreciable fractionation [Wimpenny et al., 2010]; however, isotopic
fractionation takes place as a result of ion exchange processes between water and solid phases [Taylor and
Urey, 1938; Huh et al., 1998, 2004; Kisakurek et al., 2005]. Secondary minerals, in particular clays, preferentially
incorporate the lighter isotope in their structural lattice, thus leaving the remaining water with a heavier iso-
topic signature [Zhang et al., 1998; Vigier et al., 2008; Misra and Froelich, 2012]. Significant fractionation also
occurs after the formation of oxyhydroxides and hydroxides, like ferrihydrite or gibbsite. Variations in d7Li
produced by aqueous alteration are appreciable only a few milimeters below the basaltic rocks’ surface:
rock surfaces are lighter in d7Li than the interiors, due to the preferential incorporation of 6Li in clays or
oxide-rich alteration products on the surface [Pistiner and Henderson, 2003].

Variations in the Li isotope ratios of both seawater and secondary minerals are mainly a function of the
alteration degree, conducing to the formation of different amounts and types of secondary minerals, and
therefore can be used as an indicator of weathering conditions and rates (the variation in seawater is due

Key Points:
� Modeling of Martian aqueous

processes leading to Li isotope
fractionation
� Li isotopic data relevant to

understand early Mars environmental
conditions
� Evaporation, sublimation, and

freezing processes included in the
models

Supporting Information:
� Supporting Information S1

Correspondence to:
A. G. Fair�en,
agfairen@cab.inta-csic.es

Citation:
Fair�en, A. G., E. Losa-Adams,
C. Gil-Lozan, L. Gago-Duport,
E. R. Uceda, S. W. Squyres,
J. A. P. Rodr�ıguez, A. F. Davila, and
C. P. McKay (2015), Tracking the
weathering of basalts on Mars using
lithium isotope fractionation models,
Geochem. Geophys. Geosyst., 16, 1172–
1197, doi:10.1002/2015GC005748.

Received 30 JAN 2015

Accepted 24 MAR 2015

Accepted article online 28 MAR 2015

Published online 28 APR 2015

FAIR�EN ET AL. ANALYSIS OF LITHIUM ISOTOPES ON MARS 1172

Geochemistry, Geophysics, Geosystems

PUBLICATIONS

VC 2015. The Authors.

This is an open access article under the

terms of the Creative Commons

Attribution-NonCommercial-NoDerivs

License, which permits use and

distribution in any medium, provided

the original work is properly cited, the

use is non-commercial and no modifi-

cations or adaptations are made.

The copyright line for this article was

changed on 19 MAY 2016 after original

online publication.

http://dx.doi.org/10.1002/2015GC005748
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1525-2027/
http://publications.agu.org/


more to differing weathering rates than to differring weathering conditions). For example, the value of d7Li
in terrestrial seawater (d7Lisw) is now 31&, but it rose by 9& during the last 60 million years as reflected in
analyses of clays and planktonic foraminifera [Kisakurek et al., 2005; Hathorne and James, 2006; Misra and
Froelich, 2012; Pogge von Strandmann et al., 2013], indicating lower continental weathering and denudation
rates in the past.

In global terms, d7Lisw characterizes the weathering intensity as an interplay of two processes: the uptake of
Li by secondary minerals, which leads to heavy signatures in the riverine input [Liu et al., 2015] and lowers
Li concentration, and the amount of Li directly derived from the disolution of igneous rocks by chemical
weathering with light isotopic signature. Additional processes, such as hydrothermal alteration and forma-
tion of secondary minerals in sediments via reverse weathering, may be important in modifying the Li iso-
tope signatures at local scales, as observed in hydrothermal vents [Decitre et al., 2004] and in estuarine
environments [Pogge von Strandmann et al., 2008]. These processes might be significant in the context of
hypothetical early water bodies on Mars, where the precipitation of secondary phases could have been con-
trolled by the balance between evaporation and cooling [Fair�en et al., 2009], through reverse weathering
processes.

1.2. Lithium Isotope Geochemistry and Mars
1.2.1. Meteorite and MSL-Derived Information About Li in Mars
Most lander and rover missions to Mars have lacked a way to identify light elements such as lithium, and
therefore the presence of Li on Mars has been so far just inferred from measurements of lithium isotopes in
the SNC-meteorites Shergotty, Nakhla, and Zagami [e.g., McSween et al., 2001; Herd et al., 2004, 2005; Trei-
man et al., 2006; Magna et al., 2006; Seitz et al., 2006, 2007; M€ohlmann and Thomsen, 2011; Filiberto et al.,
2012]. As a result, extensive past work on Li isotopes in Martian meteorites has focused on how isotope frac-
tionation patterns can yield insight into Martian igneous processes [e.g., Beck et al., 2004; Seitz et al., 2006].
Only the most recent mission to the Martian surface, the Mars Science Laboratory (MSL) Curiosity rover,
which landed in Gale crater in August 2012 and is currently exploring the Martian surface, includes for the
first time the capacity of directly detecting lithium, via its ChemCam instrument [Wiens et al., 2012]. Lithium
contents measured by MSL in materials within Gale crater are low and variable, mainly between 5 and 10
ppm, similar to terrestrial mid-ocean ridge basalts (MORB, �4–5 ppm) [e.g., Chan et al., 1992]. Maxima are
up to 60–80 ppm, observed in a few rocks, and minima are <5 ppm inside drill holes [Ollila et al., 2013]. In
general, the concentration is low in soils and sand, consistent with a vapor-transport mechanism, and
higher in rocks and pebbles [Ollila et al., 2014]. Smectite clays, such as montmorillonite or hectorite, have
been suggested as possible host minerals for the Li identified in Mars with MSL [Ollila et al., 2014].

1.2.2. Expected Information From In Situ Sampling of Li Isotopes
Lithium incorporation into a secondary mineral is a solvent-mediated process that can provide information
about the duration, extent, and conditions of aqueous interaction between primary minerals and water. But
Li isotopes could provide additional information when compared to Li abundances alone: the selective
incorporation of the lighter isotope to secondary minerals, and consequently the evolution through time of
the Li isotopic signature, reflects the interaction between chemical and physical weathering processes that
are unequally affected by changes of pH and temperature [e.g., Ryu et al., 2014]. In Earth’s oceans, the actual
steady state for d7Lisw physically represents the balance between the amount of Li dissolved and amount of
Li trapped on the secondary mineral lattices. In the end, such a balance can be related to the ocean evolu-
tion toward a stationary pH, being that pH is the main factor influencing the equilibrium between dissolu-
tion and precipitation of silicates, according to the overall silicate-carbonate geochemical cycle. On Mars,
presumably this evolution has been rather different than on Earth, subject to evaporation, sublimation and
freezing, and probably never reaching a steady state for pH conditions.

1.3. Objctives of This Work
In this paper, we discuss ways in which Martian aqueous processes could lead to Li isotope fractionation
and their eventual incorporation into secondary minerals. Secondary minerals are abundant on Mars, and
phyllosilicate-rich outcrops have been identified in the Noachian terrains of the Martian southern highlands,
which include Fe/Mg-smectites (hectorite, nontronite, and saponite), Al-smectites (montmorillonite and bei-
dellite), vermiculite, illite, chlorite, and kaolinite [see, e.g., Mustard et al., 2008; Bishop et al., 2008; Le Deit
et al., 2012; Ehlmann et al., 2013]. For a review of the geochemical and hydrological evolution of Mars
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through time, relevant for the understanding of the changing environment of the planet, the reader is
referred to Chevrier et al. [2007], Hurowitz et al. [2010], Fair�en et al. [2011], and Ehlmann et al. [2013]. We
present geochemical models intended to help understand the Li isotopic composition of basaltic rocks and
secondary minerals on Mars. We describe different case studies of Li isotope fractionation, and we discuss
different Li isotope fractionation pathways. We show that our models are relevant to understand the degree
and extent of basalt weathering on Mars, and therefore can be useful to determine the environmental con-
ditions on the planet in the past.

2. Methods

2.1. Modeling of the Mechanisms of Li Uptake by Secondary Minerals
Lithium is incorporated as a trace element in most primary minerals in basalts, namely, olivines, clinopyrox-
enes, and Ca-plagioclase feldspars, where Li abundance varies in the order of 0.2–12 ppm [see, e.g., Chan
et al., 2002; Teng et al., 2008; Wimpenny et al., 2010; Brant et al., 2012]. Within this interval, there is little varia-
tion between coexisting minerals in the average Li content and their isotopic signatures. Consequently, in
the absence of secondary phases, the preferential weathering of primary minerals (driven by kinetic con-
straints) should not generate significant differences in the Li isotope composition of the solution [Chan and
Frey, 2003; Burton and Vigier, 2011]. However, in principle and based on theoretical considerations, breaking
the higher energy bonds of 6Li is energetically favorable, leading to a slightly lighter isotope composition in
solution than in the host minerals. This effect has not been experimentally demonstrated to date, nor it has
been incorporated to models dealing with Li isotope behavior on Earth. Furthermore, the experimental
results from Wimpenny et al. [2010], based on the dissolution of forsterite and basaltic glass, indicate that
both crystalline and amorphous phases dissolve congruently with respect to Li isotopes.

The particular isotopic signature of basaltic rocks can vary depending on their petrogenetic provenance.
For modeling purposes, we assume an initial value of d7Li 5 5& that corresponds to the average isotopic
signature of unweathered MORB basalts [Tomascak, 2004; Tang et al., 2007]. This signature is similar to the
majority of Martian basalts (Nakhla d7Li 5 14.99 6 0.47&; Lafayette d7Li 5 15.0 6 0.7&) derived from anal-
yses of SNC meteorites [Magna et al., 2006; Seitz et al., 2006].

According to the above analysis, we also assume that the Li isotopes involved in each idividual mineral or
amorphous phase dissolves stoichiometrically, providing the incorporation of both isotopes, 7Li and 6Li, to the
solution in the same ratio as in the host mineral. The primary mineralogy also determines the composition of
the solution and the formation of secondary minerals. At each instant of the process, the total amount of Li in
solution and its isotopic signature depend on the interplay between the specific dissolution behavior of each
primary mineral existing in the rock (given as a function of its individual thermodynamic and kinetic parame-
ters, namely, supersaturation, rate constants, and reactive surface) and the crystallization kinetics of secondary
minerals. The latter can act as a sink for lithium, controlling both the remaining fraction of Li in solution and
the process of isotope fractionation. Isotope fractionation is mediated by the preferential incorporation of the
ligher isotope 6Li into some of the solid phases which are forming as secondary minerals, especially clays. Sig-
nificant fractionation also occurs after the formation of oxihydroxides and hydroxides, like ferrihydrite or
gibbsite. Although Li isotope fractionation into solid phases always implies a preferential uptake of the lighter
isotope 6Li, the incorporation of Li into clays and other secondary phases involves either reversible adsorption
or irreversible incorporation within the vacant sites of the mineral structural framework.

The process of irreversible incorporation of lithium to the octahedral sheets of smectites, especially at high
temperatures, is long known and has been extensively studied. From a structural point of view, the process
has been well characterized using analytical tools such as XPS and the Rietveld analysis of neutron scatter-
ing data [Gournis et al., 2008]. The total occupancy of Li in octahedral positions has been determined by the
analyses of the variations on cation exchange capacity (CEC) performed previously and after Li1 inclusion
to the structural lattice [Tettenhorst, 1962; Schultz, 1969; Jaynes and Bigham, 1987; Theng et al., 1997; Decar-
reau et al., 2012]. Uptake of lithium by smectites may occur during the process of clay nucleation and
growth (i.e., in hectorite), or by migration from the interlayer to either an octahedral position or to the
ditrigonal cavities (i.e., in montmorillonites and beidellites), depending on the charge layer (Figure 1). In
both positions, it has been found that Li isotope fractionation occurs [Williams and Hervig, 2005], and also Li
fractionation can take place at low temperature during the evolution from smectite to illite. Although there
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has been limited experimental valida-
tion of these processes [Vigier et al.,
2008], it seems that the amount of Li
incorporated into the structural
framework of clays, and the Li isotope
fractionation, cannot exceed a maxi-
mum value, whether the concentra-
tion of Li in solution increases or not.
The experiments detailed in Vigier
et al. [2008] also show that the Li iso-
tope fractionation factor is linked to
the incorporation of Li into the octa-
hedral sites and, although somewhat
unexpected, at low temperature
(<90�C) Li isotope fractionation is
quantitatively less important than at
high temperature (90–250�C) in
smectites (hectorite).

Clay minerals other than smectites
(i.e., kaolinite, chlorite, and serpen-
tines) follow different lithium uptake
pathways. Kaolinite attracts external
cations only by the negative charges
of the terminal O22 ions exposed at
the edges of the structural sheets
[Carrol, 1959]. Lithium can be present
in solution forming complexes (with

the general structure Li(H2O)1n ) with different hydration numbers, depending on the concentration and pH
of the solution [Jongsik et al., 2008; Vorontsov et al., 2009]. Some of these lithium hydrated species may
bond to kaolinite surfaces by forming bidentate inner sphere complexes, leading to Li-isotopic fractionation

Figure 1. Schematic drawing of the possible sites for lithium uptake by smectites.
Li can be incorporated to the octahedral sheets at the nucleation stage, or migrate
from the interlayer. It is assumed that only the Li placed in the structural framework,
either at the ditrigonal cavities or at the octahedral sites, undegoes isotope
fractionation.

Figure 2. Mechanism of lithium uptake in kaolinite. Li is adsorbed by forming inner sphere complexes that create bidentate bonds with
sharing edege octahedra. A similar mechanism is applied to explain Li isotope fractionation on oxyhydroxides and hydroxide surfaces, like
ferrihidrite and gibbsite.
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(Figure 2). A similar mechanism has also been proposed to explain lithium fractionation in mineral oxyhydr-
oxides and hydroxides (i.e., ferrhydrite and gibssite), while in chlorites and serpentines lithium replaces
Mg12 in the brucite layer, a mechanism that also leads to isotopic fractionation [Wunder et al., 2010].

All of the mechanisms dealing with Li incorporation into clay minerals mentioned above can be in principle
modeled by using algorithms already available in the PHREEQC geochemical code [Parkhurst and Appelo,
1999]. Li incorporation into true structural positions of smectites during the processes of nucleation and
growth may be considered as a solid-solution forming process between two pure end-members (i.e., Mg-
smectite and Li-smectite). This approach has traditionally been applied to analyze the aging process in
smectites (i.e., between glauconite and celadonite, to characterize the process of ‘‘glauconite maturity’’ [see,
e.g., Odin et al., 1988; Meunier, 2005]. We use the LLNL (Laurence Livermore National Laboratory) database
for all our speciation-reaction calculations.

Here we use the PHREEQC code, and specifically the ‘‘Solid Solution’’ routine (see, e.g., Parkhurst and Appelo
[1999], for a detailed description). In this approach, the equilibrium between the aqueous phase and the
solid solutions is calculated through heterogeneous mass-action equations. The algorithm implemented in
PHREEQC uses the Guggenheim equation for determining activities of components in nonideal, binary solid
solutions [Glynn and Reardon, 1990], which establishes a relation between the saturation constant for a
given stoichiometry (Kss) and the excess of free energy resulting from the mixing process:

GE5RT lnKss2x lnKCa1lnxð Þ2ð12xÞðlnKBA1ln 12xð ÞÞ½ � (1)

where GE (Guggenheim parameter) indicates the excess of free Gibbs energy of the solid solution. From this
equation, GE can be derived using fitting procedures, from experimentally determined Kss constants.
Although this is the most formal way to characterize the process of Li incorporation into octahedral sites of
secondary minerals, the use of equation (1) becomes difficult in practice, due to the lack of experimental
data on the equilibrium constants.

In a similar way, some of the approaches provided in the code to model ‘‘surface reactions’’ may be used to
account for ionic diffusion across the diffuse double layer (DDL) or the formation of inner sphere complexes
(as we will see in our model cases 2 and 3 below) [Appelo et al., 2008]. Even though the use of such specific
algorithms could be advantageous for the purpose of a detailed modeling about the specific mechanism of
lithium uptake in a particular clay (which is not the aim of this work), the main concern is the lack of experi-
mental data regarding the number of binding sites, size effects of the crystals, kinetic effects, and other issues
[Williams and Hervig, 2005; Verney-Carron et al., 2011]. Practically, the only experimental information available
(and not always) about lithium uptake in clays and its isotopic fractionation is the variation on exchange
capacity (after the permanent Li incorporation to octahedral sheets) and the measured a fractionation factor.

Assuming these limitations, an alternative way to model Li uptake by clays is the use of an ‘‘ion exchange’’
procedure. For the purposes of this study, this is the more precise procedure, because it relies on available
measured data. The main advantage of cation exchange over other algorithms is that the number of
exchange sites can be specifically defined, and the amount of lithium exchanged at each position is already
available from the literature. In principle, ion exchange does not assume any particular mechanism of lith-
ium uptake and has been interpreted in somewhat different ways in the literature. In a general sense, any
replacement of an ion in a solid phase in contact with a solution by another ion can be called ‘‘ion
exchange’’ [Carrol, 1959]. Cation exchange is, to some extent, an empirical approach that does not assume
any particular mechanism of lithium uptake, although the equivalence of this approach with other concep-
tually different models, like solid-solution algorithms, has been proved by various authors [Sposito, 1986]. In
clay minerals, this procedure can be used when a cation from solution is exchanged by another cation asso-
ciated with the clay structure. Although ion exchange is not a chemical reaction in the usual sense, the
exchange process is usually written as formally as that of chemical reaction.

We have generated a model accounting for the multisite nature of lithium incorporation in smectites, by
considering a two-site model. In this case, the sum of the different sorption sites densities was made equal
to the published value of CEC [Steefel et al., 2003; Tertre et al., 2013]. The Li1 distribution between solution
and smectite is determined by the extent of exchange reactions occurring on the X and Y sites
(X 5 interlayer sites and Y 5 octahedral sites) that can be defined, using the Gaines-Thomas convection
[Gaines and Thomas, 1953], as follows:
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KX1Li1 ) LiX1K1 ðinterlayer sitesÞ (2)

MgY212Li1 ) 2LiY1Mg12 ðoctahedral Mg12; e:g:; sharing edge octahedraÞ (3)

where K is an interlayer cation and Mg12 is an octahedral cation on the smectite framework. A mass action
law equation, with a constant K, can be defined by:

KK=Li5
ELi1 K1½ �bK1

EK1 Li1½ �bLi1
(4)

KMg=Li5
ELi1 Mg21
� �

bMg21

EMg21 Li1½ �2b2
Li1

(5)

K, the equilibrium constant, determines the reversibility degree of the equation (K 5 direct rate/reverse
rate). Further, only the amount Li1 in octahedral sites was taken into account for the calculation of iso-
tope ratios in smectites (i.e., the amounts of Li replacing Na or K at the interlayer were not included in
the calculations). In a similar way, a single site was defined to take into account the incorporation of Li1

at the sharing edges of kaolinite, or to model replacement of Mg12 at the brucite layers of chlorite.

2.2. Kinetic Modeling: The Coupling Between Mineral Dissolution-Precipitation and Li Isotope
Fractionation
Initial calculations involve the dissolution of basalt under the particular constraints of the model (cooling,
evaporation, and pH), allowing us to determine both the ion speciation in solution and the supersaturation
state of solid phases and gases. The amount of solids that dissolve or precipitate at each step is then mod-
eled kinetically. Rate expressions used to calculate silicate dissolution were based on the transition state
theory [Lasaga, 1998], including elementary activity coefficients to model the pH dependency, and the
Arrhenius activation factor to constraint the influence of temperature

dm
dt

5 SA
h

KH1 e
2Ea

R : 1
T2

1
298:15ð Þan

H1 1Kne
2Ea

R : 1
T2

1
298:15ð Þ1KOH2 e

2Ea
R : 1

T2
1

298:15ð Þam
OH2

i
X21ð Þ (6)

where dm/dt is the mineral dissolution/precipitation rate (mol/s21); SA is the reactive surface area (m2); KH1,
Kn, KOH2 are the specific rate constants for dissolution in acidic, neutral, or basic media (mol�m22�s21); R is
the gas constant; and T is the temperature (K).

Initially, Li ions are incorporated into solution with the isotopic signature of the parental basalt. As second-
ary minerals form, incorporation of lithium at the different sites of each mineral is calculated according to
the previous ion exchange algorithm applied, and consequently the amount of dissolved Li is lowered.
Simultaneous to speciation-reaction calculations, isotope ratios are calculated at each step for every second-
ary mineral, using a Rayleigh approach included in the PHREEQC code. This is a specific algorithm that per-
mits splitting the total amount of sorbed lithium between 6Li and 7Li isotopes, under the asumption that
isotope fractionation occurs following a Rayleigh distillation process [Zhang et al., 1998]

Ri

Ri21
5

Ci

Ci21

� �a21

(7)

where Ri is the isotopic ratio at the ith instant; Ci is the amount Li in solution at the ith instant, being
Ci 5 Ci21 – Cads,I; and a is the isotopic fractionation factor between water and each clay allowed to precipi-
tate or dissolve in the model. a is defined as

a5

7Li
6Li

� �
clay

7Li
6Li

� 	
water

(8)

aclay-water fractionation factors employed in the model calculations were taken from data available in the lit-
erature (Table 1). These include values for kaolinite, smectites, chlorite, illite, and serpentines, as well as for
gibbsite and ferrihydrite [Chan et al., 1992, 2002; Huh et al., 1998; Zhang et al., 1998; Pistiner and Henderson,
2003; Williams and Hervig, 2005; Teng et al., 2006; Vigier et al., 2008; Pogge von Strandmann et al., 2008, 2010;
Millot et al., 2010; Wimpenny et al., 2010; Wunder et al., 2010].
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In the case of smectites, only an average asmectite-water fractionation factor value of (0.989–1) is employed, as
this is the usually given value in the literature [Vigier et al., 2008; Pogge von Strandmann et al., 2010]. This
value was employed in the calculations for all smectites, provided that it was previously reported that these
clays incorporate lithium on the structural positions undergoing fractionation, namely, octahedral sheets
and ditrigonal positions [Vigier et al., 2008; Williams and Hervig, 2005]. This approach was used for the partic-
ular case of beidellite, an Al-rich smectite identified on Mars [Gates et al., 2010; Bishop et al., 2010, 2011; Le
Deit et al., 2012]. Beidellite represents an intermediate member in the transformation from smectite to illite,
which usually forms interstratified structures with montmorillonites. Both clays uptake Li1 in structural posi-
tions [Tettenhorst, 1962; Schultz, 1969], although with slightly different CEC. In the case of beidellite, a major
influence of the tetrahedral charge derived from the replacement of Si14 by Al13 is expected, leading Li1 to
be placed within the ditrigonal cavities and to some minor extent at octahedral sites [Hofmann and Klemen,
1950], both structural positions inducing fractionation in smectites.

The amount of Li exchanged at each mineral site dealing with fractionation (i.e., Mg12 in octahedral sheets
of smectites) per mineral formula is extended to the total moles of each mineral precipitating in this time
step. The opposite applies for dissolving minerals. The net balance of 6Li and 7Li incorporated to minerals
by precipitation (or returned to solution by dissolution) is determined, and a new ratio (7Li/6Li) for the disso-
lution is obtained.

Our results describing Li isotopic distribution in both water and clays are expressed using d7Li notation as
& deviations from L-SVEC standard [Flesch et al., 1973]:

d7Li5

7Li
6Li

� �
sample

7Li
6Li

� 	
LSVEC

21

2
64

3
7531000 (9)

This procedure allows iterative calculation of the isotopic composition of the remaining fraction of Li iso-
topes in water, as well as the Li isotopic signatures of clays resulting from sorption processes. At each time
instant, the amount of lithium in solution depends on the balance between the lithium supplied by the
basaltic rocks and the rate of uptake/release by clays. Both isotopic signatures are mixed at each modeling
step. In a general sense, the procesess leading to a fast dissolution of basalt tends to retain the initial iso-
topic signature in water by minimizing the d7Li enrichment derived from Rayleigh fractionation through
‘‘dilution’’ with the initial basaltic signature [Vigier et al., 2009]. Conversely, those processes generating fast
precipitation of clays will favor high d7Li values in water [Pogge von Strandmann et al., 2006]. Intermediate

Table 1. aclay-water Fractionation Factors

Group Phase Name Half Unit Cell Formula

Charge Distribution (mole/half
unit cell)

CEC
(meq/100 g) Alfa (a)Tetr. Oct. Total

Kaolinites Dioctahedral 0.979 [Zhang et al., 1998]
Kaolinite Al2Si2O5ðOHÞ4 Charge from broken bonds

at edge octahedral
13–15

Trioctahedral
Amesite ðMgFe12Þ2Al

� �
ðSiAlÞO5ðOHÞ4 21 0 21 13–15

Smectites Dioctahedral 0.971–0.999
[Wimpenny et al., 2010]Montmorillonite ðSi3:95Al0:05ÞðAl1:36Fe13

0:1 Mg0:54Ca0:08K0:075ÞO10ðOHÞ2X1
0:59 20.05 20.54 20.59 70–100

Beidellite ðSi3:4Al0:60ÞðAl1:355Mg0:555Fe13
0:09Ca0:195Na0:18K0:01ÞO10ðOHÞ2X1

1:15 20.60 20.55 21.15
Nontronite ðSi3:52Al0:30ÞðFe13

1:8 Al0:13Mg0:10ÞO10ðOHÞ2X1
0:307 20.30 20.10 20.40

Trioctahedral
Hectorite ðSi4:00ÞðAl0:02Mg2:65Li0:33ÞO10ðOHÞ2X1

0:33 0 20.31 20.31 70–100 0.99–1 [Vigier et al., 2008]
Chlorites Brucite layer 0.984 [Chan et al., 2002]

Clinochlore ðAl0:76FeIII
0:25FeII

0:09Mg4:76ÞðSi0:36Al0:94ÞO10ðOHÞ8 20.94 0 20.94 10–40
Chamosite ðFeIII

0:5Mg1:5FeII
3AlÞðSi3AlÞO12ðOHÞ6X1

0:66 21 0 21
Micas Dioctahedral 0.971 [Zhang et al., 1998]

Vermiculite ðSi2:895Al1:105ÞðFe13
0:065Al0:08Mg2:83Mn0:005ÞO10ðOHÞ2X1

0:945 21.105 0.155 20.95 10–150
Oxides

hidroxides
Ferrihydrite Fe31

2 O3�0.5(H2O) Charge from broken bonds
at edge octahedral

100–700 0.998 [Pogge von
Strandmann et al., 2010]

Gibbsite Al(OH)3 100–500 0.986 [Pistiner and
Henderson, 2003]
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situations can arise depending on the particular pathway generating supersaturation: cooling, evaporation,
and/or presence of volatiles that can catalyze the pH and redox conditions.

The cooperative effect between growth and the disolving phases together with their specific uptake over
the final isotopic signature in the remaining solution is illustrated in Figure 3. For simplicity, we have consid-
ered a single system where two clays are precipitating or dissolving: beidellite and chlorite (both typically
found on Mars) [see, e.g., Le Deit et al., 2012]. In the first case (Figure 3a) it is assumed that only beidellite
uptakes Li isotopes, while in the second case both clays are allowed to simultanously uptake lithium iso-
topes (Figure 3b). Beidellite follows a particular behavior that involves a sequential process of precipitation,
dissolution, and again prec�ıpitation as function of the pH of the system. In contrast, chlorite is continuously
precipitating along this pH range. If beidellite is the only uptaking phase (Figure 3a), then the curve reflect-
ing the time evolution of d7Li tends to mimic the shape of the curve representing the mass amount of clay
in the system, although with some delay. This is due to the interplay between uptake and release processes.
In fact, even though beidellite is dissolving and releases the light isotope to the solution, the remaining
amount of this phase is still adsorbing. As beidellite dissolution continues, release becomes more important
than uptake, and the value of d7Li in water tends toward recovering the initial isotopic signature of basalt.
When both phases uptake lithium simultaneously (Figure 3b), the isotopic composition of d7Li in water is

Figure 3. Evolution of d7Li in solution during (a) uptake/release of Li during precipitation/dissolution of beidellite and (b) uptake/release of
Li during precipitation/dissolution of beidellite and uptake of Li during precipitation of chlorite. The stability of beidellite is determined by
the pH of the solution.
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continuously shifted toward heavier values, despite the dissolu-
tion of beidellite. In a general situation, the isotopic composition
of both the solution and clays will depend on the interplay
between the whole set of the different phases acting either as
sources or sinks of Li, and on the particular trends followed by
the system during the weathering process.

In the case studies presented below, it is implicitly assumed that
the process of isotopic fractionation starts at t 5 0 in all the sim-
ulations. Consequently, calculated d7Li values are relative values
refered to the time period considered in each simulation and
are mainly intended to describe relative variation trends, rather

than an absolute isotopic signature. In other words, for comparison with a particular system where previous
fractionation stages could have ocurred, it would be necessary to use this isotopic signature as the initial
value, previous to the processes considered here.

To take into consideration the Li1 incorporation on smectites to both the interlayer sites and the octahedral
sheets, two exchange sites have been defined (Mg12 or Al13 in octahedra; and K1, Na1, or Ca12 at the
interlayer) for each smectite included in the model. Because lithium adsorbed at the interlayer will not frac-
tionate [Chevrier et al., 2007; Vigier et al., 2008], only the exchanged Li1 ions replacing Mg12 at the octahe-
dral sites were taken into account for isotope calculations. Further, to model the kinetic evolution of the
process, the net amount of each exchanger X at a site (i) of a particular mineral has been related to the
amount of the mineral that dissolves or precipitates according to equation (8), with specific rate constants
for each mineral phase.

2.3. Speciation-Reaction and Kinetic Calculations
The starting point of our simulations is a solution in equilibrium with volcanic glass. The resulting dissolu-
tion, described in Table 2, is representative of the interaction between the most reactive particles, as basal-
tic dust and aeolian debris, and was employed as the starting composition at t 5 0 for the kinetic
calculations in all models. This solution at t 5 0 was prepared using an equilibrium calculation, allowing
1 kg of pure water (T 5 298.15 K, pH 5 7, pe 5 4) to instantaneously equilibrate with basaltic glass (satura-
tion indexGB 5 0). Our simulations start allowing the solution composition described in Table 2 to react with
the mineral assemblages listed in Table 3, roughly corresponding to a basaltic andesite as described in
Bandfield et al. [2000] and Christensen et al. [2000, 2004, 2005]. These minerals actually fit the composition of
the SNC meteorites and the basalts analyzed in situ by rover investigations at Gale crater, Gusev crater, and
Meridiani Planum [McSween et al., 2008; Zipfel et al., 2011; Meyer, 2014; Schmidt et al., 2014], and conse-
quently are representative of the average Martian composition. From this moment, the dissolution of pri-
mary minerals and the precipitation of secondary phases during the reverse weathering processes were
modeled as a function of time, and employing different combinations of the driving supersaturation varia-
bles (evaporation, freezing an pCO2), to generate an array of scenarios where both the sequence of phase
development and the evolution of the isotopic signatures can be compared.

To model the kinetics of silicate dissolution and mineral precipitation, we used the values listed in equation
(8), which includes the reactive surfaces of the primary minerals (calculated following the geometric model)

Table 2. Initial Solutiona

Element
Name

Concentration
(mol/kg[H2O])

Al 6.3 3 1023

Ca 6.5 3 1025

Fe 2.6 3 1027

K 3 3 1025

Mg 3.1 3 1023

Na 3 3 1025

Si 8.7 3 1026

aT 5 298.15 K; pH 5 8; pe 5 26.

Table 3. Rate Constants of Primary Minerals

Mineral Phases

Acid Mechanism Neutral Mechanism

% vold Surf. Area (1/m)log ka Eb nc log ka Eb

Anorthite CaAl2Si2O8 23.50 16.6 1.411 29.12 17.8 56.87 12,680
Enstatite Mg2Si2O6 29.02 80.0 0.600 212.72 80.0 20.04 3,562
Fayalite Fe2SiO4 24.80 94.4 212.80 94.4 14.81 1,225
Forsterite Mg2SiO4 26.85 67.2 0.470 210.64 79.0 8.27 1,644

aRate constant k computed from A and E, 25�C, pH 5 0, mol m22 s21.
bArrhenius activation energy E, KJ mol21.
cReaction of order n with respect to H1.
d% in the primary mineral assemblage.
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[see Parkhurst and Appelo, 1999], the specific rate constants, and the dependences on supersaturation, ther-
mal activation energy, and pH. Li isotope calculations were performed at each dissolution-precipitation
step. d7Li[solution] results from the balance between the amount of Li supplied by the primary minerals dur-
ing the dissolution process (thus having the initial isotopic signature) and the selective uptake of Li during
the precipitation of variable amounts of secondary phases. Following this procedure, we modeled the differ-
ent geochemical scenarios described in section 3, with the aim of analizing the influence of the three main
factors affecting the solubility of solid phases (dissolved CO2—through its effect on the pH—evaporation,
and cooling) on both the sequence of precipitation of clay minerals and the behavior of the Li isotopes dur-
ing the process.

2.4. Model Validation From Experimental Data
In order to estimate whether the cation exchange approach used in our calculations correctly reproduce
the processes of Li uptake and Li isotope fractionation, we here compare our results with experimental data
on isotope fractionation in clays available from the literature. For this purpose, we refer to the experimental
work of Zhang et al. [1998] who studied the isotope fractionation driven by adsortion of Li from seawater
on kaolinite and vermiculite, and determined the corresponding fractionation factors. For the case of smec-
tites, where some amount of Li is incorporated to the octahedral sheets (inducing fractionation) and an
additional fraction is sorbed in the interlayer, our model was calibrated based on the experimental work of
Vigier et al. [2008] on Mg-Li smectites (hectorite).

In the first case, the uptake of Li by secondary minerals was modeled by using the exchange algorithm
included in the PHREEQC geochemical code [Parkhurst and Appelo, 1999]. Model calibrations were done by
using the experimental conditions from Zhang et al. [1998]. Comparisons between the isotope fractionation
values predicted by the model and those from Zhang et al. [1998] were made performing a stepped
sequence of rock/water values to reach the final value of 1:20, corresponding to the experimental data
reported by Zhang et al. [1998]. Modeling for kaolinite and vermiculite was performed in separate runs, and
calculations of the resulting d7Li in solution were made by using two different procedures. In the first proce-
dure, the total uptake of lithium in the structural positions, inducing fractionation, was used to determine F
(the remaining fraction of disolved lithium). The isotope fractionation was further calculated by splitting the
total amount of sorbed lithium between 6Li and 7Li isotopes, under the asumption that isotope fractionation
occurs according with a Rayleigh distillation process, in terms of delta notation:

d5 d011000ð Þfa2121000 (10)

In the second procedure, both isotopes 6Li and 7Li were considered in the starting seawater solution, and
the selective adsortion of each one on clay mineral surfaces was calculated form the mass action law, by
using two separate half reactions:

7Li11X)7LiX ðlog K520:08Þ (11)

6Li11X)6LiX ðlog Kkaol520:0713; log Kverm520:0679Þ (12)

where the ratio between the equilibrium constants was constrained to be equal to the alpha factionation
factor, given by Zhang et al. [1998], and log K values were taken from the PHREEQC database [Merriam and
Thomas, 1956].

The experimental results reported by Zhang et al. [1998] using seawater as the initial solution and R/W
weight ratio of 1:20 are compared with the values generated by our model for various parameters: d7Lisw, F
(the remaining fraction of Li in solution), and the amount of Li incorporated to the mineral phase (mg/g).
This procedure was applied to both kaolinite (Figures 4a and 4b) and vermiculite (Figures 4c and 4d). The
d7Lisw values derived from Rayleigh and equilibrium calculations, based on mass action law, are also com-
pared in Figures 4a and 4c. A similar trend is observed in the two approaches, both in agreement with the
experimental data from Zhang et al. [1998] until fractionation exceeds a value of approximately d7Li 5 45&.
For the higher rock/water ratios analyzed in Figures 4a and 4c, the equilibrium model results in systemati-
cally lower d7Li values than the Rayleigh model. This suggests that at high rock/water ratios, when the num-
ber of exchange sites increases significantly in relation to the concentration of lithium in solution, the
incorporation of lithium isotopes to the solid phases tends to be less selective, in a similar way as reported
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at higher temperatures. Although more experimental work is needed to confirm these aspects, this behavior
seems to be consistent with the results from Williams and Hervig [2005], which suggest that the degree of fractio-
nation is dependent on the grain size and the reactive surface of the solid phases. In any case, the scenarios con-
sidered here involve much lower fractionation degrees, so that both models can be considered as equivalent.

In the second case, to verify that the isotopic fractionation behavior of smectites dealing with irreversible
incorporation of Li to their structural framework was correctly described, we used two approaches to model
the uptake of Li: a solid solution, and a selective cation exchange at the octahedral sites. The resulting frac-
tionation values were compared with the experimental data. Our calculated model results essentially repro-
duce the synthesis procedure of hectorite from Vigier et al. [2008], where concentrated LiCl solution (20 3

103 ppm Li) was mixed with an amorphous (Si, Al, Mg, and Na) phase with hectorite stoichiometry. In princi-
ple, it might be possible to treat the selective incorporation of 6Li to the structural framework of hectorite

Figure 4. (a) Model calibration for Li isotope factionation in kaolinite based on experimental data from Zhang et al. [1998]. Seawater (d7Li 5 32.4&) was mixed with kaolinite in variable
rock/water ratios. d7

sw values were calculated either by using the Rayleigh equation or by applying the mass action law to a multisite cation exchange model. The plot also shows the
agreement between d7

sw and the Li remaing fraction (F 5 0.5712) with the experimental data from Zhang et al. [1998], obtained at R/W value of 1:20. Represented d7Li values were
obtained by conversion from its original d6Li notation. Error bars correspond to the uncertainty associated to the experimental determination of the a constant (a 5 1.021 6 0.004).
(b) Amount of Li incorporated to the solid phase (mg/g) derived by the model for different R/W values. The experimental value from Zhang et al. [1998], at R/W 5 0.05, is also indicated.
(c and d) The same as Figures 4a and 4b, but analyzing the case of vermiculite. In this case, the experimentally determined value of the remaining fraction is F 5 0.6636, with a 5 1.029
(60.005).
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as an ideal solid solution by considering three end-members: pure Mg-hectorite, 6Li-hectorite, and 7Li-hec-
torite. Alternatively, provided that the ion exchange parameters of the smectite are known, the system
could be analyzed as if it would have two set of exchange sites, X and Y, where half-reaction equilibrium
constants of each cation is specific for each type of exchange site. In our calculations, we used the values
given for log K in the exchange reaction of the PHREEQC database. Model results based on both procedures
yield almost identical values for isotope fractionation associated to the incorporation of Li to the octahedral
sheets (Figure 5). Equally, these values agree fair well with the Vigier et al. [2008] experimental value at 25�C
(D7Li LiCl(2)-LiCl(1) 5 0.8; green circle in Figure 5).

Finally, in order to test the ability of our model to reproduce time-dependent fractionation processes, we have
compared the d7Lisolution values calculated with our model with the experimental data obtained by Wimpenny
et al. [2010] (see Figure 6). Wimpenny et al. [2010] used a throughflow batch reactor to analyze Li isotope fractio-
nation during forsterite dissolution, on both far-for-equilibrium and near-equilibrium conditions. In the first case,
the solution remains subsaturated, preventing the formation of secondary phases by the continuous removal of
solutes. In this situation, Wimpenny et al. [2010] noted that no fractionation occurred, and d7Lisolution remains with
the same value as that in forsterite crystals (d7Liforsterite 5 1.57&). Near-equilibrium conditions were obtained by
decreasing the flux rate in the reactor to promote an increase in the solute concentration and, finally, inducing
the precipitation of chrysotile, as a secondary phase. This process drives the Li isotope fractionation. In our model
calculations, experimental conditions were as follows: forsterite crystals were assumed to have a BET surface area
800 cm2/g, Li concentration was 2.05 ppm, and d7Liforsterite 5 1.57&. Our model was run at pH 5 10 and
T 5 273 K, in 0.1 Mforsterite/kgw. An initial dissolution rate of (2log r 5 13.8) was employed. This initial value was
allowed to decrease to a value of 2log r 5 14.9 in order to simulate the drop on forsterite dissolution and on the
precipitation of chrysotile at approximately 120 h from the start of the experiment (Figure 6c), caused by the low-
ering of the flow rate in the throughflow crystallizer. In Figures 6a and 6b, we show the time evolution of d7Lisolu-

tion and Li concentration in solution (ppb), calculated with our model and compared with the experimental
results from Wimpenny et al. [2010], indicating a good agreement of our results with the experimental data.

3. Process-Dependence of Lithium Isotope Fractionation: Case Studies

pH evolution during basalt weathering is mainly determined by the interaction of two factors [Gislason and
Oelkers, 2003; Gislason et al., 2006]: (1) the silica alkalinity, controlled by the precipitation of clays, and (2)

Figure 5. Comparison between Li isotope fractionation in the octahedral sheet of smectites resulting either from a solid-solution approach
or from a multisite cation exchange modeling. Both models give almost the same values and agree well with the experimental data
reported by Vigier et al. [2008] in hectorite. Calculations are made for a 3M LiCl solution (d7

ini � 12.1) during the precipitation of an amor-
phous gel with hectorite stoichiometry, and at 25�C.
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the carbonate alkalinity, which is driven by the CO2 speciation. In the absence of CO2, dissolution of silicates
releases Ca and Mg ions to water and promotes the uptake of protons by mineral surfaces, progressively
driving the pH to higher values. In this scenario, the rise in pH is only partially counterbalanced by the for-
mation of OH-bearing minerals (i.e., clays, zeolites, and hydroxides). On the other hand, if CO2 is present,
then pH is controlled by the carbonate alkalinity (instead of silica alkalinity) through the interplay between
CO2, HCO2

3 , and CO5
3 species. Precipitation of secondary clay minerals depends on multiple factors such as

temperature, pressure, starting basalt, or fluid composition, but the rate controlling step is pH, and pH varia-
tions modify both the amount and the type of clays that form [Stefansson et al., 2001]. As the degree of iso-
tope fractionation also depends on the type of clay minerals that precipitate, and their ion exchange
capacity, appreciable differences in the isotopic signatures of Li in secondary minerals such as clays are to
be expected for each particular thermodynamic and kinetic evolution of the system as a function of pH.
Consequently, a detailed study of phyllosilicate abundances and the Li distribution, together with selective
Li isotopic analysis on clay minerals, could provide significant insights about the weathering conditions on
early Mars. Below we analyze, through geochemical modeling, the expected lithium isotopic composition of
both the weathering aqueous solutions and the secondary clay minerals formed under different physico-
chemical conditions, relevant to the weathering of basalts on early Mars. Our different model scenarios

Figure 6. Kinetic evolution of d7Lisolution during the dissolution of forsterite at pH 5 10, T 5 273.15 K. Model results are compared with the data by Wimpenny et al. [2010] based on
throughflow experiments. (a) Under far-from-equilibrium conditions and continuous removal of reactants, no Li fractionation occurs and d7Lisolution remains in the same valor as in solid
forsterite (d7Liforsterite 5 1.57&) (light gray line). When near-equilibrium conditions are allowed, by decreasing the flow rate, precipitation of chrysotile takes place and induces Li fractio-
nation (red curve). Data points are from the experimental results by Wimpenny et al. [2010], and the red line represents our model results. (b) Amount of lithium released to solution.
(c) Kinetic of forsterite dissolution leading to the formation of chrysotile as secondary phase.
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include the presence of different CO2 atmospheres, and therefore our results can provide valuable clues to
understand the coeval evolution of the atmosphere and the hydrosphere of Mars.

3.1. Unbuffered Dissolution of Basalt at Constant Temperature (T 5 298 K)
To understand the effect of CO2 on Li isotope fractionation on Mars, first we need to know how Li would
behave in the theoretical scenario of the absence of CO2 in the atmosphere. Therefore, in this first case, we
model Li-isotope behavior during the dissolution of basalt at near-equilibrium conditions, when the evolu-
tion of the system leads to precipitation of clays at constant temperature (298 K), and with no CO2. In this
model, an initial solution was prepared as previously described in section 2.3. This solution is in equilibrium
with basaltic glass (i.e., the saturation index of the basaltic glass is equal to zero), although secondary miner-
als, compatible with the solution composition, can potentially precipitate. This initial solution is allowed to
kinetically react with a crystalline mineral assemblage, and its evolution is monitored through time. We use
an initial rock-to-water ratio (R/W) of 2.37 in mass units (g/g), equating to a porosity value of / 5 0.57 that
corresponds to a fractured basalt [McWorter and Sunada, 1977]. The mineralogical composition, rate con-
stants, and reactive surfaces employed in the calculations are described in Table 3, and the model extends
over a time period of 4 3 105 years. In the absence of an external driving force to create supersaturation
(i.e., evaporation, cooling, or atmospheric CO2), the kinetic process is initiated from this starting solution, at
t 5 0, by the precipitation of secondary clays, using the remaining ions in the initial solution. In turn, this
process induces continuous variations of the solution composition, leading to pH variations over time, and
modifying at each instant the supersaturation state of both primary and secondary minerals involved in the
system. As no external supersaturation variables are applied, the pH evolution of the system is kinetically
controlled by the interplay between the precipitation of OH-bearing minerals and the kinetics of dissolution
of the primary phases involved in the mineral assemblage of Table 3. An additional, but less relevant, super-
saturation source results from the sequestration of water by clays during the sequential precipitation, which
tends to keep the system slightly imbalanced over time.

In addition, and provided that lithium isotopes dissolve stoichiometrically, this process yields to an initial
isotopic signature of d7Lisolution 5 5.1&. This case is graphically described in Figure 7. pH rapidly increases
at the beginning of the process, from the initial value of 8–12.2, because the fast dissolution of basalt-
bearing minerals, especially Ca-plagioclase and, to a minor extent, olivine, which dissolution is kinetically
favored at this pH range [Hurowitz et al., 2005]. The process simultaneously involves the formation of clay
minerals, but as pH increases, some of them (kaolinite, beidellite) become unstable and dissolve. Continu-
ous precipitation of chlorite, a phyllosilicate with a hydroxide (brucite) layer in its structure (and hence sta-
ble in highly alkaline conditions), lowers the pH to 11. These conditions once again favor the growth of
additional clays, which finally tend to stabilize or dissolve in a process entirely driven by the long-term pH

Figure 7. Li-isotopic signature in H2O resulting from weathering of basalt at near-equilibrium conditions and constant temperature.
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evolution. In this situation, the Li isotopic signature in solution shows a continuously increasing trend, as is
reflected in the d7Li curve in Figure 7, promoting a change in the d7Li value from 5& (the initial signature in
basalt) to 12& at the end of the time interval considered. This behavior is caused by two main factors: (1)
the continuous dissolution of Ca-plagioclase, kinetically favored in such conditions [Hurowitz et al., 2005;
Zolotov and Mironenko, 2007], provides the greatest input of Li to the solution, and (2) the sustained growth
of stable clays in alkaline conditions, like chlorite and montmorillonite, which preferentially adsorb 6Li from
water and drive the system progressively to a heavier signature through a Rayleigh fractionation mecha-
nism [Pogge von Strandmann et al., 2010].

The specific isotopic signatures of different clays (chlorite, beidellite, and kaolinite) are shown in Figure 8.
d7Li values range in the order of 26& to 23.5& for kaolinite, 25& to 0& for beidellite, and 25& to 1&

for chlorite. In the case of kaolinite and beidellite, their isotopic signature becomes progressively heavier
until they completely dissolve. This is because Li uptake occurs in water that becomes progressively
enriched in 7Li as a result of the Rayleigh fractionation driven by the precipitation of phases such as chlorite
and montmorillonite, which ultimately control the Li isotopic signature in solution.

3.2. CO2-Buffered Dissolution of Basalt During Freezing Processes
A characteristic feature of the kinetics of the dissolution-precipitation of silicates is its pH dependence,
which usually leads to graphical representations showing asymmetrically U-shaped curves around neutral
pH. These variations in the rate constants are specific for each mineral phase in both primary and secondary
silicates. In some cases, dissolution rates are catalyzed by H1, and at low pH the mineral surfaces become
saturated with H1 so that a further decrease in pH does not cause an increase in dissolution rate [Palandri
and Kharaka, 2004]. The evolution of Li isotopic signatures is very dependent on pH, because it depends on
the balance between the amount of 6Li derived from the dissolution of primary minerals and the amount of
secondary minerals involved in the selective uptake of 6Li. Assuming that dissolved CO2 was the most rele-
vant factor triggering pH changes in the early Martian environments [Fair�en et al., 2004], we now analyze
the influence of transient and long-term atmospheres, including CO2, on the rates of silicate dissolution. We
model different situations including the effect of simultaneous evaporation and cooling, which are the two
additional variables that affect supersaturation.

3.2.1. Buffering by a Limited Amount of CO2 That is Finally Consumed
In this scenario, we model the effects of a thin and transient CO2 atmosphere, in a simulation extending up
to 103 years. We assume a thin atmosphere similar to the one existing today (logPCO2 5 26 atm), and a lim-
ited amount of CO2 (g) entering the system at a constant rate (zero-order rate, K 5 5 3 1025 mol/L yr) dur-
ing the initial 200 years. A simultaneous continuous cooling process during 200 years lowers the
temperature of the system from 298.15 K down to 243 K, and then the temperature keeps constant during
the remaining 800 years of the simulation. The CO2 (g) partially dissolves in water, at increased rates during
the cooling process due to its inverse solubility on temperature. This CO2 (g) forms different species
depending on the pH (CO2(aq), HCO2

3 , CO5
3 ), or is consumed by carbonation reactions. We assume the

same initial solution, rock-to-water ratio R/W 5 2.37 (g/g), mineral assemblages and reactive surfaces that in
the previous case (described in Tables 3 and 4). The low ionic strength of the initial solution results in a
freezing point depression of a few degrees, inducing the instantaneous formation of ice at temperatures
below 271 K. Ice would float and aggregate forming an upper cover, and the salt segregation would induce
a considerable increase of the ionic strength of the remaining solution that progressively reduces the freez-
ing point depression of the residual water. With time and continued cold, the ice layer would get thicker
[Fair�en et al., 2011].

In this model, the pH of the system fluctuates slightly from alkaline toward circumneutral values, to eventu-
ally return to the alkalinity. Figure 9 shows the sequential precipitation of clays during the weathering of
basalt. As observed on the left side of Figure 9, the pH decreases in a process driven primarily by the CO2

speciation in water along with the OH uptake by silicate layers. The result is the initial formation of signifi-
cant amounts of clays. Unlike the situation described in Figure 7, in this case, beidellite and kaolinite are
kinetically favored and form in amounts greater than chlorite. As temperature falls to 240 K and the supply
of CO2 ceases, the system slowly shifts again toward high pH values. During this period, the amount of clays
remains nearly stationary. This is due to both the solubility trend of clays with temperature and the higher
activation energies required at low temperature to permit clay growth.
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The specific variations of d7Li in different clays (chlorite, beidellite, and kaolinite), compared with the corre-
sponding d7Li values in solution, are shown in Figure 10. In this case, the isotopic enrichment leading to the
heavier d7Li value in water is mainly due to beidellite formation, and to a minor extent to kaolinite forma-
tion, as evidenced by the fact that the amount of these clays and their d7Li values follow analogous trends

Figure 8. Li-isotopic signatures of Kaolinite, K-beidellite, and chlorite from the model in Figure 7, showing their dependence on the
kinetics of clay precipitation/dissolution and on pH. The evolution of d7Lisolution is also shown for comparison.
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to d7Li in water. Chlorite is unstable in this case and, although it tends to dissolve, its isotopic signature is
controlled by the Rayleigh fractionation induced in the water by the formation of other clays.

In this scenario, fluctuations of pH around circumneutral values promote two different trends for d7Li[solution]

evolution. As is observable in the left part of Figure 9, during the pH decrease, d7Li[solution] increases and pro-
gressively tends to a stationary value. This is because, although the evolution of pH to circumneutral values
favors the formation of clays, it also induces the simultaneous dissolution of primary silicates, leading to a
greater amount of Li in solution with the low isotopic signature of primary minerals (d7Li 5 5.1). This behav-
ior acts as a framework condition for Rayleigh fractionation, and consequently diminishes its ability to reach
heavy isotopic signatures. As pH rises again toward more alkaline values, the kinetics of both dissolution
and growth tends to slow down, in a process aided by the cooperative effect of low temperature.

The pH-dependent behavior of the Li isotope fractionation is by far more noticeable when pH fluctuations
proceed more slowly. For example, assuming the same conditions than in the previous model, except con-
sidering a rate of CO2 supply 10 times lower, the process extending over 105 years, and occurring under
conditions of simultaneous freezing and evaporation (Figure 11a), then d7Li[solution] approaches a stationary
value at about 5 3 103 years.

Table 4. Rate Constants of Secondary Minerals

Mineral Phases

Acid Mechanism Neutral Mechanism Basic Mechanism

log ka Eb nc log ka Eb log ka Eb nc

Beidellited Na0.5Al2.5Si3.5O10(OH)2�(H2O) 211.31 65.9 0.777 213.18 22.2 217.05 17.9 20.472
Chamosite-7A Fe21

3 Mg1.5AlFe31
0:5 Si3AlO12(OH)6 210.98 23.6 0.340 212.78 35.0 216.52 58.9 20.400

Clinochlore-14A (Mg,Fe11)5Al(Si3Al)O10(OH)8 211.11 88.0 0.500 212.52 88.0
Smectitee K0.04Ca0.5(Al2.8Fe0.53Mg0.7)(Si7.65Al0.35)O20(OH)4 210.98 23.6 0.340 212.78 35.0 216.52 58.9 20.400
Kaolinite Al2Si2O5(OH)4 211.31 65.9 0.777 213.18 22.2 217.05 17.9 20.472
Brucite Mg(OH)2 4.73 59.0 0.500 8.24 42.0
Nontronite-Mgf Na0.3Fe31

2 Si3AlO10(OH)2�4(H2O) 212.71 71.0 0.220 214.41 48.0 214.41 71.0 20.130
Gibbsite Al(OH)3 27.65 47.5 0.992 211.5 61.2 216.65 80.1 20.784
Glauconite K0.6Na0.05Fe31

1:3 Mg0.4Fe210.2Al0.3Si3.8O10(OH)2 24.80 85.0 0.700 29.1 85.0
Montmorillonite K0.318(Si3.975Al0.025)(Al1.509Fe0.205Mg0.283)(OH)2 212.71 48.0 0.220 214.41 48.0 214.41 48.0 20.130

aRate constant k computed from A and E, 25�C, pH 5 0, mol m22 s21.
bArrhenius activation energy E, KJ mol21.
cReaction order n with respect H1.
dKinetic constants based on smectite values.
eKinetic constants based on kaolinite values.
fKinetic constants based on montmorillonite values; Ea values, from Osthaus [1954].

Figure 9. Evolution of d7Li in a system subjected to cooling and transitionally buffered by CO2.
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A detailed review of the parameters involved in this scenario is shown in Figure 11b. We have plotted the
dissolution-precipitation kinetics of minerals with faster and slower pH fluctuation, together with the
amount (mol) of mineral precipitated versus mineral dissolved, and also together with the ratio of Li

Figure 10. Comparison between d7Lisolution and d7Liclay for kaolinite, K-beidellite, and chlorite in the model of Figure 9, showing its
dependence on the kinetics of clay precipitation/dissolution and on pH.
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incorporated into clays versus Li released from basalt. During the first stages of evolution, pH decreases
from >9 to 8, and dissolution and precipitation follow markedly opposed trends. When pH rises again and
the system deviates from circumneutral values, the amount of primary and secondary minerals remains
nearly constant. Nevertheless, the growth of secondary phases is slightly favored, as marked by the positive
trend of both the ratio of mineral precipitated versus mineral dissolved and the ratio of Li incorporated into
clays versus Li released from basalt. In the end, a positive (nearly linear) evolution of d7Li[solution] can be

Figure 11. d7Li evolution during pH fluctuations induced by episodic changes in CO2(g) considering simultaneous evaporation and cooling. (a) As the pH goes down from 9 to 8, the
d7Li[solution] growths and tends to a stationary value, as result of the enhanced dissolution-precipitation process. As the pH raises toward alkaline values, the kinetics of dissolution-
precipitation slows down because the cooperative effect of low temperature and evaporation, resulting in a linear trend of d7Li[solution]. (b) Dissolution-precipitation kinetics of primary
and secondary minerals on both sides of the pH fluctuation. The ratios (in moles) of mineral precipitation/dissolution, and the Li incorporated into clays versus Li in solution, are also
shown on both sides of pH fluctuation.
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observed, and the slope depends on the duration and intensity of pH fluctuations induced by the episodic
CO2 outgassing.

3.2.2. Buffering by a Stable CO2 Atmosphere Under Simultaneous Cooling and/or Evaporation
In this scenario, we model the effects of a long-term and denser CO2 atmosphere, which has been proposed
to have existed on early Mars [e.g., Fair�en et al., 2004, 2009, and references therein]. Unlike the previous
case where pH variations from alkalinity toward circumneutral values were modeled, in this case we assume
that CO2 outgassing proceeds continuously, leading the system to reach acidic conditions in the long term
[Fair�en et al., 2004]. Model conditions are the same as in the previous case, except for the fact that the rate of

Figure 12. d7Li evolution with a continuous supply of CO2 under (a) cooling conditions and (b) simultaneous cooling and evaporation. (c) Summary of the main parameters included to
analyze the behavior of d7Li in the case of Figure 12b: at pH slightly over 8, both the amount of secondary minerals and the uptake of lithium from solution rapidly increase. When pH
drops toward acidic values, the precipitation of clays become unfavorable and the supersaturation of the system reaches a stationary value. Eventually, the dissolution of primary miner-
als ends and d7Li becomes constant.
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CO2 (g) supply is 5 3 1023 mol/L yr, during the whole 103 model years. Initially, the pH decreases slowly, con-
trolled by the balance of hydroxyl groups derived from the dissolution and precipitation of minerals. Also, as
in the previous case, CO2 (g) dissolution is progressively enhanced during the cooling process, allowing the
formation of solution species depending on pH. However in this case, when the system reaches acidic pH val-
ues, the presence of CO2 (aq)—the more stable species in this pH region—is favored over the deprotonated
species (HCO2

3 , CO5
3 ), and consequently a progressive increase in the concentration of CO2 (aq) is expected.

In this situation (Figure 12a), clay minerals formation takes place at the early stages of the process, during
cooling. The process of clay formation is mainly driven by pH decreasing to neutral values. Consequently,
d7Li in solution continuously increases during this period as result of the progressive uptake of 6Li to clays.
As the system drops to acidic pH values, the formation of new clays become not favored, and the continu-
ous supply of Li from basalt with a light isotopic signature makes the net increase in d7Li small. When the
system reaches the lowest temperature value (�245 K), the amount of clays in the system tend to a steady
state that possibly reflects the combined effect of temperature and the acidic pH values. In the end, Li
uptake by clays ceases and d7Li[solution] reaches a stationary value (5.7&).

If evaporation acts as an additional source of supersaturation, then the observed path is essentially the same,
although the stable value of d7Li[solution] is higher (Figure 12b). This is because evaporation increases the precipi-
tation of secondary minerals (i.e., clays), but does not increase the dissolution of primary minerals (i.e., basalt). In
consequence, the amount of Li with low isotopic signature supplied by the primary minerals remains constant,
thereby improving the efficiency of the Rayleigh process which leads the system toward heavier d7Li[solution] val-
ues. A summary of this model scenario is shown in Figure 12c. When pH values are >8, the amount of second-
ary mineral precipitation rapidly increases, as well as the uptake of lithium from solution. This is reflected in the
curve representing the ratio of Li in clays versus Li in dissolution in Figure 12c. When the pH falls below 8, evolv-
ing toward acidic values, the precipitation of clays become unfavorable. When precipitation of clays is no longer
a sink for ions, the dissolution also ends, leading as consequence to a nearly stationary value of d7Li[solution].

4. Discussion

4.1. Lithium Isotope Fractionation Pathways
The scenarios discussed in section 3 enable us to identify particular trends concerning the evolution of d7Li
during basalt weathering as a function of the driving mechanisms that interact to create supersaturation

Figure 12. (continued)
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(evaporation and/or cooling), together with those relevant to modify the pH (CO2 or other volatiles), thus
influencing the balance between silicate dissolution and secondary mineral precipitation.

In the absence of CO2 and without evaporation or cooling effects (Figure 13a), the release of cations by sili-
cate mineral dissolution proceeds slowly. The main control on secondary mineral stability comes from pH
and cation supply. As both growth and dissolution processes are counterbalanced, Li does not accumulate
in solution, and Rayleigh fractionation due to secondary mineral formation is an efficient mechanism—
although slow—to progressively increase the d7Li value of the water in the long term. This effect can be
enhanced if other processes promote supersaturation, e.g., evaporation. Evaporation can notably enhance
the formation of secondary minerals, without significantly changing the rate of cation supply. Consequently,
as the amount of dissolved Li is nearly constant and uptake of Li increases with clay precipitation, the d7Li
value of the solution shifts to higher values.

For basaltic environments in contact with atmospheric volatiles, pH is the rate controlling step in the forma-
tion of secondary phases (Figure 13b). Clay minerals such as kaolinite and beidellite (pervasively identified
on Mars [see, e.g., Bishop et al., 2010, 2011; Le Deit et al., 2012; Ehlmann et al., 2013]) are oversaturated at cir-
cumneutral pH and tend to be unstable at pH values greater than 9 [Stefansson et al., 2001]. In contrast,
chlorite and montmorillonite (also largely reported to be present on the surface of Mars [see, e.g., Mustard
et al., 2008; Le Deit et al., 2012; Ehlmann et al., 2013]) are more stable at high pH values [Pogge von Strand-
mann et al., 2010]. In the presence of CO2, an initial pH decrease tends to favor the formation of clays, but
also the dissolution of primary minerals. In addition, in the absence of cooling, d7Li is expected to increase
as pH decreases to near neutral values, although this effect will be to some extent minimized by the
increase of Li in solution with an initially lighter isotopic signature. The final pH value will depend of the
interplay between the alkalinity, driven by the rate of dissolution of primary silicates, and the buffering
effect of carbonate species. When cooling is considered, the formation of secondary clays almost ceases
because of Arrhenius’ dependency of the growth rate [Fair�en et al., 2011], hence leading to a stationary
value of d7Li. The final isotopic signature could be greatly influenced by the amount of time the system
remains at higher temperatures and neutral pH values. In addition, as in the previous case, a heavier iso-
topic signature in solution will result if an evaporative regime takes place simultaneously to the cooling
process.

A particularly differential aspect of basalt weathering on Mars compared to Earth might have been the spe-
cific role played by simultaneous evaporation and cooling over the number and type of secondary minerals
forming. For example, as noted above, low-temperature weathering can lead to the formation of small

Figure 13. Lithium isotope fractionation pathways. (a) Starting from a process at 298 K, when supersaturation is created by evaporation of different amounts of water. (b) Evolution in
presence of CO2, when supersaturation is created either by cooling or simultaneously by cooling and evaporation.
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amounts of clays as consequence of the Arrhenius activation energy for crystallization [Fair�en et al., 2011].
Therefore, the isotopic signature (d7Li) of the resulting clays is expected to be very low in Martian weathering
environments. The simultaneous role of evaporation and freezing notably modifies the sequence of precipita-
tion of secondary phases. Hence, comparative analyses between the secondary minerals undergoing fractio-
nation and those retaining the d7Li water signature at the moment of crystallization (i.e., Li incorporated to
sulfates) may provide important information about the geochemical evolution of the surface of Mars.

4.2. Strategies for Future Analyses
Neither MSL nor any other previous mission to Mars can perform an analysis of Li isotopes. MSL includes a
Laser-Induced Breakdown Spectrometer (LIBS) intrument as part of the ChemCam suite investigation.
ChemCam is very sensitive to Li; however, the isotopic separation of atomic emissions for Li is too narrow:
0.015 nm at 670 nm versus ChemCam’s resolution of 0.65 nm at the same wavelength. So there might be a
slim possibility of seeing a molecular isotopic effect if ChemCam hits a nearly pure Li oxide (B isotopes can
be detected with LIBS that way [Russo et al. [2011]), but that is improbable for MSL. MSL also includes a gas
chromatograph/mass spectrometer as part of the SAM suite investigation, intended to detect and charac-
terize the isotopic composition of volatiles released from vaporized soil and rock samples by heating. But as
Li compounds are not volatile, SAM would be unable to analyze Li isotopes.

As we have shown in this paper, a detailed analysis of the Li isotopic ratios in secondary mineral lattices could
provide important clues about past weathering conditions on Mars with respect to weathering extent, tem-
perature, pH, and supersaturation or evaporation rate of the initial solutions in contact with basalt rocks. To
perform such analyses, it is necessary to develop strategies for future identification and collection of Martian
materials that could be used to investigate aqueous processes via study of Li isotope fractionation patterns.
To that end, we suggest that future surface robotic explorers on Mars may include an instrument payload
capable of supplying all the relevant data. The payload must include (1) an instrument that can perform selec-
tive mineralogical analyses, such as an X-ray diffraction (XRD) instrument; (2) an instrument capable of detect-
ing trace amounts of Li in minerals, such as a LIBS instrument; and (3) an instrument that can perform
selective isotopic analyses, including Li isotopes. Alternatively, sample collection and return missions being
currently developed (such as Mars2020) may focus in the identification and collection of samples containing
Li, which would eventually be analyzed in Earth laboratories. The minerals that would preferentially adsorb Li
would be the main target for the prospect isotopic analysis and for testing the models described here, as the
amount of adsorbed Li in a secondary mineral will also vary in function of the different cases described in sec-
tion 3, therefore providing critical information about the aqueous and environmental histories of Mars.

5. Conclusions

We have presented here geochemical models useful to understand future ground data on Li isotopic fractio-
nation on the surface of Mars, obtained by landers and/or rovers. Our models can be used to describe the
paths of Li isotopic fractionation, and therefore to characterize the extent of basalt weathering, the tempera-
ture at which the geochemical processes occurred, and the supersaturation and evaporation rates of the initial
solutions in contact with basalt rocks on early Mars. Our results suggest that the analysis of d7Li trends in the
Mars sedimentary record could be highly informative about the duration and intensity of pH fluctuations in
the Martian paleoenvironments. Because such pH fluctuations were likely induced by changes in the CO2

fugacity in the Martian atmosphere, the analysis of d7Li trends could also provide relevant information about
the density and the temporal evolution of the atmosphere of Mars. This is an ongoing effort and additional
scenarios are being developed and will be published in the future. Coupling the information from Li isotopes
with Mg and maybe Fe and B isotopes could be of interest to further constrain the weathering environment
of Martian alteration products [Dauphas et al., 2010; Teng et al., 2010]. The application of our models to the
data obtained by future missions will contribute to deciphering the history of water and climate on Mars.
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