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Introduction: Recent spacecraft observations have 
revealed the presence of aqueous alteration products, 
including phyllosilicates, on the surface of Mars, 
which has significant implications for the martian cli-
mate and its evolution through time [1-3]. A variety of 
secondary alteration phases are also found in the mar-
tian meteorites, providing a unique opportunity to 
study aqueous processes on Mars ([4]; and references 
therein). Notably, the nakhlites have relatively abun-
dant alteration products, including intergrown assem-
blages of clay minerals, Fe-oxyhydroxides and salts, 
that are collectively referred to as iddingsite [5]. Geo-
chemical and isotopic investigations of nakhlite id-
dingsite can yield important constraints on the tem-
perature and composition of the fluids as well as the 
timing of alteration on Mars [4-13].  

Several recent studies have highlighted the poten-
tial utility of boron isotopes as a tracer for fluid-rock 
interactions [14-18]. The fractionation of B isotopes 
during such processes is largely due to the preference 
of each B isotope for a different coordination state 
(tetrahedral coordination for 10B and trigonal coordina-
tion for 11B) [19]. Boron is incorporated into the clay 
mineral structure (in tetrahedral sites) during formation 
and diagenesis and can also adsorb to clay surfaces, 
including those in the clay interlayers [15-16]. The 
fractionation of B isotopes during fluid-rock interac-
tions is temperature dependent and seems to be insen-
sitive to mineral composition [16]. This relationship 
can be used to predict the B isotopic composition of 
altering fluids when the temperature of formation and 
B isotopic composition of alteration products are 
known. Here we present the first measurements of the 
11B/10B ratio of iddingsite in Nakhla with the goal of 
constraining the B isotopic composition of the fluids 
that altered these meteorites on Mars.    

Analytical Methods: Sample characterization and 
preparation. A polished, carbon-coated thick section 
of Nakhla was imaged (in backscattered electrons and 
X-rays) using a JEOL 8800 scanning electron micro-
scope (SEM) at Arizona State University (ASU) to 
identify the iddingsite. After SEM characterization, the 
section was gently polished with diamond paste to re-
move the carbon coating. Following the procedures 
developed by [17] to remove contaminant B from the 
sample surface, the thick section was ultrasonicated 
overnight in a 1.82% mannitol solution and rinsed 
three times in B-free water (i.e., high purity 18 me-
gaohm-cm water passed through amberlite ion-
exchange resin). After surface cleaning, the section 

was dried in an oven overnight at ~50oC and then gold 
coated before ion microprobe analyses were performed 
on four iddingsite areas. 

After the first set of ion microprobe analyses were 
completed, the section of Nakhla was soaked in a po-
tassium iodide solution to remove the gold coating. As 
per procedures described by [20], the sample was then 
ultrasonicated in 1N NH4Cl for three 20-hour intervals; 
the sample was rinsed with B-free water and the 
NH4Cl solution was replaced between each interval. 
This process results in replacement of exchangeable 
B3+ (as (B(OH)3 or B(OH)4

-) in the clay interlayers 
with NH4

+, but does not affect the B3+ that is tetrahe-
drally bound in the clay structure [15,18]. Following 
this exchange process, the sample was soaked in man-
nitol solution and rinsed with B-free water as previ-
ously described to remove any B that might have ad-
sorbed to the clay surfaces. After drying, the section 
was gold coated again and a second round of ion mi-
croprobe analyses were performed on three of the four 
iddingsite areas that had been analyzed previously. 

Mass Spectrometry. Boron concentrations and iso-
topic compositions were measured using the Cameca 
IMS 6f ion-microprobe at ASU, following the methods 
described by [16,21,22]. Instrumental mass-
fractionation, which was determined using the illite 
clay standard IMt-1 was typically around -40 to -50‰ 
and remained constant during each analytical session. 
The δ11B values are reported relative to the SRM 951 
boric acid standard.   

Results: The δ11B values measured in Nakhla id-
dingsite, before and after the exchange treatment, are 
presented in Fig. 1. Before the NH4Cl exchange treat-
ment, the average δ11B values for the four areas of id-
dingsite analyzed ranged from -10.1‰ to -4.8‰ and B 
concentrations ranged from ~7 to ~18 ppm. After the 
exchangeable B was removed, the B concentrations 
were lower (≤5ppm) and the average δ11B values 
ranged from -7.0‰ to -3.1‰. There is considerably 
more scatter in the δ11B values (and errors are larger) 
following the NH4Cl exchange due to the lower con-
centration of B left in the sample. Nevertheless, the 
average δ11B values of Nakhla iddingsite before (-6.2 ± 
1.2‰) and after (-5.7 ± 2.8‰) the NH4Cl exchange 
process are identical within erros (±1σmean). 

Discussion: There are several implications of the B 
isotopic compositions of Nakhla iddingsite reported 
here. The loss of a substantial amount of B following 
the NH4Cl exchange procedure indicates that B is pre-
sent both as exchangeable species in clay interlayers 
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and as tetrahedrally bound B in Nakhla iddingsite. It 
has been suggested that some B can get “trapped” in 
collapsed clay interlayers during the early stages of 
diagenesis [15]. The isotopic composition of this ex-
changeable interlayer B is typically heavier than that of 
tetrahedrally bound B in the clay structure [15] due to 
the preferential incorporation of 10B in tetrahedral co-
ordination [19]. Therefore, the similarity of the average 
δ11B values of the Nakhla iddingsite before and after 
the NH4Cl exchange procedure (representing mostly 
interlayer B and tetrahedrally bound B, respectively) is 
somewhat surprising. The lack of isotopic fractionation 
between interlayer and tetrahedrally bound B could be 
the result of B existing in similar coordination envi-
ronments (i.e., both tetrahedral) in the iddingsite and in 
the fluid  from which it precipitated. The coordination 
of dissolved B is pH dependent, with predominately 
trigonal coordination at neutral to low pH and tetrahe-
dral coordination at higher pH [19]. This suggests that 
the fluid from which Nakhla iddingsite formed may 
have been somewhat alkaline, thereby limiting isotopic 
fractionation by lack of coordination change. Limited 
B isotope fractionation between iddingsite and the 
fluid from which it precipitated could also occur if the 
alteration took place at high (i.e., close to magmatic) 
temperatures. However, previous studies indicate that 
this is unlikely and that nakhlite iddingsite formed at 
relatively low temperatures (<150 oC) [4-7]. As such, 
the 11B/10B ratio of the aqueous fluid that formed id-
dingsite in the nakhlites on Mars can be estimated to 
be similar to that measured in this phase (i.e., δ11B ≈ -
6‰). 

The average δ11B value of Nakhla iddingsite falls 
within the (relatively wide) range defined by terrestrial 
clays (-30‰ to +10‰) [18].  However, it is heavier 
than the range observed in primary igneous minerals 
(pyroxenes, olivine, maskelynite and phosphate) in 
other martian meteorites [23] (Fig. 1.). This suggests 
that the B isotopic composition of the aqueous reser-
voir from which the iddingsite was derived may be 
distinct from that of the Mars mantle. The 11B enrich-
ment of aqueous fluids on Mars relative to crustal 
rocks could be caused by preferential release of 11B to 
fluid phases and/or preferential removal of 10B from 
fluids by adsorption to minerals. On Earth, similar 
processes have been suggested as the most likely cause 
for surface waters having generally heavier B isotopic 
compositions compared to unaltered igneous rocks 
[19]. Terrestrial oceans are particularly enriched in 
heavy B (δ11B ≈ +40‰), perhaps as a result of isotopic 
fractionation during interaction of seawater with ma-
rine clays [24]. Our results suggest that processes 
analogous to those occurring on the Earth’s surface 

may be responsible for producing near-surface aqueous 
reservoirs on Mars with heavier B isotopic composi-
tions compared to the martian mantle.  

 
Figure 1. B isotope compositions measured in Nakhla iddingsite. 
Different colors correspond to different areas of iddingsite. Closed 
symbols are pre-NH4Cl exchange and open symbols are post-
exchange.  Each data point represents an analysis on a single spot 
and errors are in-run ±1σmean. Solid horizontal lines are averages of 
analyses on a particular iddingsite area and grey boxes are ±1σmean  

errors for each of these average values. Dashed horizontal lines 
indicate the range of δ11B values in primary igneous minerals of the 
martian meteorites [23]. 
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