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Introduction:  Sedimentary rocks and secondary al-
teration phases found within them are unique and im-
portant record keepers of near-surface fluid-rock inter-
actions. These fluid-rock interactions involve physical 
and chemical weathering, sediment transport, and dep-
ositional environment, as well as post-depositional 
diagenesis. Each of these processes may alter the tex-
ture and/or mineralogy of the sediment, thus affecting 
the rocks we observe thousands to billions of years 
later. The results of these processes are often amplified 
in fine-grained sediments, where increased surface area 
enables more extensive chemical weathering, and 
small variations in transport mechanism and speed may 
lead to significant sorting. Therefore, disentangling the 
effects of source material lithology, transport mecha-
nisms, climate conditions, and diagenetic overprints 
can be challenging in mudstones and siltstones on 
Earth [1-4]), let alone sediments on Mars.  Indeed, the 
sedimentary rocks deposited in Gale Crater likely rec-
ord signals from a wide range of geologic processes, 
including heterogeneous igneous source rocks [5], 
changing environmental conditions in terms of both 
broad climate and local lake conditions [6,7], varied 
transport mechanisms and depositional environments 
[8], as well as two or more diagenetic events [9-11].  

Chemical index of alteration (CIA) values have 
been calculated based on the bulk chemistry of the 
mudstones in Gale crater, and trends observed in the 
resulting CIA values have been previously interpreted 
as resulting from broad changes in climate conditions 
(e.g. [6]). However, source rock lithology, transport 
mechanisms, and diagenesis have all been shown on 
Earth to significantly alter CIA values in mudstones, 
thus complicating climate interpretations [12]. Here we 
investigate the effects of proximal transport mecha-
nisms (e.g. overland flow, mass wasting, and glacial 
erosion) on sediment mineralogy, chemistry and result-
ing CIA values in mafic systems.  

 
CIA and basalt weathering on Earth: Nesbitt et al. 
developed the Chemical Index of Alteration as a proxy 
for intensity of chemical weathering in fine-grained 
sediments emanating from continental crust [13]. 
Higher CIA values are indicative of intense cation 
leaching, typical in soils formed in hot, wet climates, 
while lower CIA values are interpreted as reflecting 
colder and/or drier conditions. However, CIA is usual-
ly applied to sediments and soils formed from felsic or 
intermediate source rocks, and is not typically used to 
interpret climate in mafic systems [14]. When applied 

to basalt weathering studies from the literature, results 
show a similar trend of increased CIA values with in-
creased extent of weathering when unaltered bedrock 
(CIA <40) is compared to saprolite (40-80) and soil 
(98-99), or cobble cores (<55) are compared to weath-
ering rinds (55-81; see Table 1). However, in these 
examples, the primary material is easily compared to 
the secondary alteration products, as sediment 
transport has not moved the solid chemical weathering 
products away from the source.  

Table 1. CIA Values- Interm. & Mafic Weathering 
Deccan Basalt [15] CIA 

Laterite 98-99 
Saprolite 40-79 
Unaltered bedrock 38-39 

W. Yellowstone Basalt [16] 
Rinds 55-67 
Cores 51-56 

McCall  Basalt [16]  
Rinds 65-81 
Cores 52-55 

Icelandic Basalt  
Eyjafjallajökull proglacial fluvial 
sed. [17] 43 
Hvı´ta´ proglacial fluvial sed. [18] 44-49 
Bedrock 37 

Mt Rainier Andesite [16] 
Rinds 68-81 
Cores 57-62 

Lassen Peak Andesite [16] 
Rinds 64-87 
Cores 55-65 

Gale Crater, Sheepbed Member[6] 
Yellow Knife Bay Fm. 30-37 
Murray Fm., Pahrump Hills 38-53 
Murray Fm., Marias Pass 29-38 

 
Proximal Transport (Erosion) Mechanisms In fluvi-
al systems, where sediment transport mechanisms may 
also influence CIA values, the pattern becomes more 
difficult to interpret. For example, a recent study of 
fluvial sediments in southeastern Puerto Rico, an area 
with one of the highest chemical weathering rates on 
Earth, found unusually low CIA values in fine-grained 
fluvial sediments draining a watershed underlain pri-
marily with granitic bedrock [12]. Despite the preva-
lence of thick saprolite (CIA > 90) in the drainage, 
average CIA values observed in the fluvial sediments 
(63.5) were similar to weathering rind (50-60, [19]) or 
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bedrock (45-50) suggesting mass wasting delivers rela-
tively fresh bedrock to the stream, rather than soil and 
saprolite from overland flow [12]. While thick sapro-
lite is present, its signal is diluted by less-weathered 
bedrock attributable to the erosion mechanisms in this 
high-relief setting. CIA-based climate estimates ap-
plied to these fluvial sediments underestimate the aver-
age temperatures by 10-20K, thus proving ineffective 
as a climate proxy, even when the source rock is avail-
able for comparison. 

Based on these observations, we constructed a sim-
ple mass balance model to investigate the effects of 
different proximal transport mechanisms on CIA val-
ues in mafic systems. We assumed basalt bedrock 
(CIA = 40) overlain by 5 m thick saprolite or a weath-
ering rind (CIA = 60), which is subsequently overlain 
by 1 m of highly weathered soil (CIA = 98). If over-
land flow is the dominant erosion mechanism, we 
would expect sediments to be clay-rich and exhibit 
very high CIA values. However, if sediment is instead 
delivered to the proximal stream system via mass wast-
ing (as might be expected along a crater rim), the ex-
pected CIA value decreases with the size of the mass 
wasting event, as larger landslides will deliver deeper, 
less-weathered material to the stream. For example, 3-
m deep mass wasting events would tend to produce 
sediment with CIA = 73, while landslides tapping 
deeper levels produce less-weathered sediments (CIA 
= 66 for 6 m, 58 for 9 m, or 53 for 12 m depth land-
slides).  

Similarly, glacial erosion can also produce fine-
grained sediments with little evidence of chemical 
weathering. For example, CIA values observed in fine-
grained fluvial sediments collected in the McMurdo 
Dry Valleys, Antarctica range from 40-60 compared to 
bedrock and glacial drift values which range from ~35-
50 [20]. Fine-grained sediments collected from a basal-
tic peri-glacial stream emanating from Eyjafjallajökull 
have CIA = 43 [16], while CIA values reported in the 
finest fraction of Hvı´ta´ river sediments sourced from 
glacial systems range from 44-49, compared to source 
rock with CIA = 37 [17]. Thus, glacial erosion can 
produce abundant fine-grained sediments that are rela-
tively unaltered.  

Independent of the proximal transport mechanism, 
as fluvial sediments are transported downstream in the 
flowing water, they undergo abrasion, further chemical 
weathering, and significant sorting, forming fluvial 
deposits of varying grain size. If the sediment source is 
clay-rich (soils, saprolite), these minerals will be con-
centrated in the fine-grained fraction that may be 
transported through the fluvial system and deposited in 
distal basins. However, both glacial systems and land-
slides produce fine-grained sediments than can also be 
transported great distances downstream. Therefore, 
sediments deposited in distal basins (e.g. Gale Crater 

lake) reflect the source material delivered to the stream 
via erosion and are thus sensitive recorders of proximal 
transport mechanisms.   

While some proximal sediment transport mecha-
nisms can be closely tied to climate (e.g. glacial pro-
cesses), others, including mass wasting, occur over a 
wide range of climate conditions. Mass wasting is par-
ticularly common in areas with high topographic relief 
and consequent steep gradients, including impact crater 
rims and walls. In addition, the presence of relatively 
unaltered, fine-grained impact ejecta may also contrib-
ute to the sediment load [21], further complicating 
climate signals. Therefore, CIA values observed in 
fluvial or lacustrine sediments may be more indicative 
of variations in source rock geochemistry or erosion 
mechanisms than climate signals, particularly where 
the sediment source and proximal transport mecha-
nisms are unknown. While CIA values may prove use-
ful for interpreting climate signatures from weathering 
rinds or in situ soil profiles on Mars, interpreting cli-
mate based on CIA values in fluvial and lacustrine 
sediments may give erroneous results.  
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