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Introduction:  The sedimentary record examined 

thus far in Gale Crater provides compelling evidence 
for surface transport and deposition of dominantly sil-
iciclastic sediment [1]. Stratigraphic relationships 
among sedimentary rocks encountered to date remain 
controversial, but depositional models include some 
combination of alluvial fan, fluvial, lacustrine and pos-
sibly aeolian sedimentation.  Depending on strati-
graphic models adopted, sedimentaion may have oc-
curred over a relativley brief time – as little as tens to 
hundreds of thousands of years – or may have taken  
place over more than 109 years of Martian history.  

A key issue in evaluating the geological history of 
Gale Crater is the nature of the paleoclimate and how 
that climate may have changed over time. On Earth, 
one long-recognized method for characterizing ancient 
climates is to evaluate the degree of chemical weather-
ing that has affected sources of sedimentary rocks, 
either through mineralogical or geochemical analysis 
of sedimentary rocks [2-4], and it appears that such 
approaches are also applicable to Mars [5-7].  

Chemical weathering typically involves breakdown 
of labile glass and igneous minerals (especially olivine, 
pyroxene, plagioclase), transport in solution of soluble 
elements, such as Ca, Na, Mg and K, and concentration 
of residual aluminous clays (and ferric oxides under 
oxidizing conditions). One way to quantify this is the 
Chemical Index of Alteration (CIA), which is the mo-
lar ratio 100*Al2O3/(Al2O3+CaO +Na2O+K2O) [3] and 
effectively measures the degree of breakdown of feld-
spar and glass to aluminous clay residues [3,4]. Ideally, 
CIA is applied only to silicate components and so is 
corrected for chemical constituents, which on Earth are 
dominated by calcite, dolomite, halite and sedimentary 
Ca-phosphates. The nature of chemical consituents in 
most Martian sediments is not well constrained and 
such corrections are mostly neglected, leaving the cal-
culated CIA value as a minimum and requiring addi-
tional care in interpreting exact values [7].  

Additional insight into chemical weathering comes 
from plotting sedimentary data on the feldspar ternary 
Al2O3–CaO+Na2O–K2O (A-CN-K) and, for sediments 
derived from mafic sources, the mafic ternary Al2O3–
CaO+Na2O+K2O–FeOT+MgO (A-CNK-FM) [8,9] 
because there is a very clear separation between where 
most igneous silicate minerals plot and where most 
secondary sedimentary silicate and oxide minerals plot. 

Yellowknife Bay formation:  Bulk elemental geo-
chemistry of the Yellowknife Bay (YKB) formation, 
described by [7], is consistent with two provenance 
components, one broadly similar to average Martian 
crust and the other characterized by alkali element-
enriched igneous rocks.  An important observation was 
that all sedimentary rocks have low CIA and thus ex-
hibited no detectable evidence for chemical weather-
ing, in spite of mineralogy indicating a profound di-
agenetic overprint.  Consequently, bulk geochemistry 
was interpreted as reflecting near closed-system altera-
tion with little gain or loss of most elements. 

YKB to Pahrump Hills:  The pattern of two 
provenance components and low CIA, indicating ab-
sence of chemical weathering effects, continued in 
APXS analyses over ~8 km from YKB to Pahrump 
Hills, including, for example, the waypoints Darwin, 
Cooperstown and Kimberley. In places, potassium is 
very high (K2O up to >3.5%), which we interpret as a 
provenance effect. Some K-addition cannot be ruled 
out, but K-feldspars would be among the minerals least 
susceptible to chemical alteration in a mafic crust [6] 
and so we are hesitant to invoke single element spe-
cific secondary processes to explain elevated K con-
tents for rocks otherwise showing little geochemical 
evidence for open-system alteration. 

Pahrump Hills Section:  In contrast to previously 
encountered sedimentary rocks, some of those at 
Pahrump Hills do indeed exhibit evidence for open-
system chemical alteration (Fig. 1). Pahrump sedimen-
tary data exhibit a trend from compositions broadly 
similar to the Sheepbed member (but differing in de-
tail), with low CIA, to compositions at or above the 
plag–K-spar and feldspar–FM joins and lower relative 
amounts of FeOT+MgO. As described below, interpre-
tation of this trend likely involves chemical weathering 
of some of the source materials from which these 
sedimentary rocks were derived. 

Models of Chemical Alteration:  At least three 
(non-mutually exclusive) models may explain the  
Pahrump Hills trends in Fig. 1 and these are discussed 
in order of increasing likelihood. One model is secon-
dary leaching of (unweathered) sedimentary rocks by 
later diagenetic or hydrothermal process. In this case, 
the upper section would be preferentially leached, pro-
ducing (Fe+Mg)-rich fluids. A second model is that 
(Fe+Mg)-rich cements were added to (weathered) 
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sediments, preferentially affecting the lower part of the 
section. This must be considered a possible factor, 
given the cemented nature of the rocks [10]. The third 
model, favored here, is that the trend is a mixing line 
between two provenance components, one broadly 
similar to YKB sediments (but differing in detail) with 
no evidence of source rock weathering, and the second 
derived from a more evolved (i.e., lower FeO+MgO) 
source that was influenced by chemical weathering 
processes. Assuming terrestrial mafic weathering 
trends, weathering fluids are predicted to be similar to 
those encountered under typical terrestrial weathering 
conditions. The degree of weathering depends on rela-
tive proportions of end members but the CIA value is 
at least ~53 and could be higher if the weathered com-
ponent is only a small fraction of the mixture. 

Discussion:  Low CIA values at YKB were inter-
preted to indicate some combination of rapid erosion, 
arid conditions and cold climates at the time of  YKB 
erosion and deposition. Pahrump Hills data can be in-
tepreted to indicate that chemical weathering affected 
one provenance component (models 2 & 3). The de-
gree of chemical weathering was probably modest 
(CIA ≥53) but nevertheless indicates a more clement 
climatic regime than indicated at YKB. Since only one 
component may have been affected, the age of weath-
ering, and thus age of the more clement regime, cannot 
be constrained except to say that it pre-dates the age of 
sedimentation. A signature of chemical weathering in 

only one provenance component (model 3) would be 
consistent with more clement conditions at about the 
time of deposition if one or other of the source rocks 
were more distal and experiencing a slightly different 
climatic regime. However, the weathered provenance 
component could also have been recycled from an ear-
lier time and thus inherited a more ancient chemical 
weathering signature [11]. Regardless of the exact in-
terpretation of these data, the fact that sedimentary 
rocks within Gale Crater are preserving signatures of 
variable climate provides encouragement that a climate 
record may be obtained for the Gale Crater sedimen-
tary record as Curiosity works its way up Aeolis Mons. 
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Figure 1. A-CN-K and A-CNK-FM plots comparing Yellowknife Bay formation Sheepbed member (brown field) to 
sedimentary rocks at Pahrump Hills.  CIA scale shown beside A-CN-K diagram and legend is in stratigraphic order. 
Pahrump Hills form a linear trend with one end plotting at higher CIA and close to (or above) the plagioclase–K-
feldspar (A-CN-K) and feldspar–FM (A-CNK-FM) joins than do Sheepbed sedimentary rocks, consistent with at 
least one provenance component being characterized by open-system chemical weathering prior to deposition (see 
text for further discussion). 
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