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Introduction: Modern sediments and ancient sed-

imentary rocks in Gale crater both contain high abun-
dances of X-ray diffraction (XRD) amorphous compo-
nents (AmCs; ~20-70 wt.% [1-8]). The processes 
forming these materials remain largely unconstrained, 
but they are volatile-bearing (e.g., H2O, SO2), suggest-
ing that the XRD amorphous materials at least partially 
formed through aqueous processes [9-10].  

Previously, we have shown that bulk AmC compo-
sitions vary between locations, with AmC SiO2 vary-
ing systematically with stratigraphic position [11]. 
Additionally, AmC compositions show weak correla-
tions with the abundance of diagenetic features sur-
rounding drill hole locations [12]. These findings sug-
gest either a primary or secondary relationship between 
AmCs and diagenetic fluids.  

At shallow sediment burial depths, such as those 
modeled at Gale crater [13], diagenetic cements form 
through direct precipitation of subsurface fluids  rather 
than pressure-induced mineral dissolution-
reprecipitation [14]. While iron-oxide and silica ce-
ments on Earth are commonly nano- or crypto-
crystalline [15], they also may originally precipitate as 
XRD amorphous materials. Thus, at least some frac-
tion of the AmCs in Gale crater could be diagenetic 
chemical sediments. 

Here we examine chemostratigraphic trends in 
AmC composition, with a focus on amorphous silica, 
along the Curiosity rover traverse to help constrain 
relationships with diagenetic fluids and the timing of 
formation of these enigmatic materials. 

Methods: Bulk AmC compositions are estimated 
through a mass balance calculation (MBC) that com-
bines bulk sample geochemistry (APXS) with XRD-
derived minerals and abundances (CheMin). MBCs 
were performed for all rock samples through Vera Ru-
bin ridge (VRR) using the Scilab program from [16]. 
We used APXS compositions of post-sieve dump piles 
to be consistent with the size fraction measured by 
CheMin (<150 µm). Mineral abundances and composi-
tions are from [8, 17-19]. See [16] for MBC details. 

Results: Molar fractions of the most abundant ox-
ides in the AmCs are ratioed to their respective crystal-
line components in Fig. 1 to show relative oxide en-
richment or depletion. All bulk AmC compositions 
likely represent mixtures of amorphous silicates, iron-
oxides, and sulfates, but the ratios of these compounds 

vary between locations (Fig. 1). Additionally, all AmC 
compositions are depleted in Al2O3 compared to their 
crystalline counterparts Al2O3 (Fig. 1).  

SiO2 and FeOT contents (wt.% oxide in 100% 
AmC) are compared to modeled AmC abundances for 
each sample (Fig. 2a). Samples with high AmC abun-
dances tend to have SiO2-rich AmCs, and samples with 
low AmC abundances tend to have FeOT-rich AmCs; 
this is true even for modern sediments. Absolute abun-
dances of XRD amorphous SiO2 and FeOT (wt.% oxide 
in bulk sample) in the Bradbury and Mt. Sharp group 
rocks are shown in Fig. 2b. Absolute variations of 
XRD amorphous FeOT are relatively small (~4-5 
wt.%), whereas variations of XRD amorphous SiO2 are 
large (>20 wt.%).  

SiO2 is the only oxide in the AmC that varies sys-
tematically with stratigraphic position. Bradbury group 
rocks have AmCs depleted in SiO2 compared to their 
crystalline counterparts (SiO2 AmC/SiO2 cryst < 1; Fig. 1). 
Stratigraphically above the Bradbury group is the Mt. 
Sharp group (thus far comprised of the Murray for-
mation, which includes VRR), which has AmCs ele-
vated in SiO2 compared to their crystalline counter-
parts (SiO2 AmC/SiO2 cryst > 1). Some of the Siccar Point 

 
Figure 1. Molar ratios of the most abundant oxides in the 
AmC compared to crystalline for stratigraphic groups. Where 
present, clay minerals are in the crystalline component. SiO2 
trends indicated by arrows. JK = John Klein, CB = Cumber-
land, WJ = Windjana, CH = Confidence Hills, MJ = Mojave, 
TP = Telegraph Peak, BK = Buckskin, OU = Oudam, MB = 
Marimba, QL = Quela, SB = Sebina, DL = Duluth, ST = 
Stoer, HF = Highfield, RH = Rockhall, BS = Big Sky, OK = 
Okoruso, GH = Greenhorn, LB = Lubango. 
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group rocks, lying unconformably above parts of the 
Mt. Sharp group, have a number of “alteration halos” 
[7, 20]. Similar to the Bradbury, Siccar Point group 
parent rocks (OK & BS) have AmCs depleted in SiO2 
compared to their crystalline counterparts, but the al-
teration halos (GH & LB) have AmCs enriched in SiO2 
compared to their crystalline counterparts. 

Discussion: Stratigraphic variations in AmC SiO2 
could result from differences in detrital sediment 
sources, diagenetic fluid compositions/events, and/or 
subsurface environmental conditions. The increase in 
AmC SiO2 between the Bradbury and Mt. Sharp 
groups is consistent with an increase in bulk rock SiO2 
[21]. Hurowitz et al. [21] explained this observation as 

evidence for increased chemical weathering in the sed-
iment source regions, which would have released silica 
into solution, enriching the fluids transporting sedi-
ments to Gale crater in aqueous silica. The silica-rich 
fluids could have been trapped in the sediment pore 
space, where amorphous silicate materials could have 
precipitated to form diagenetic cements.  

The sediments that make up the Siccar Point group 
parent rocks are interpreted as lithified subaerially de-
posited sand dunes [22]. Unlike the fluvially transport-
ed Bradbury and Mt. Sharp group rocks, these sedi-
ments would not have had accompanying aqueous so-
lutions from which amorphous materials could precipi-
tate. Thus, the AmCs in these rocks must have been 
transported with the sediments,  precipitated from dia-
genetic fluids, and/or formed through post-erosion 
alteration processes.  

XRD patterns of the Siccar Point alteration halos 
indicate that the AmCs contain high abundances of 
opal-A [7]. Opal-A could have formed by: (1) leaching 
of parent rocks with acidic diagenetic fluids [7] or (2) 
precipitation from diagenetic fluids that mobilized 
SiO2 from sections of the underlying Mt. Sharp group 
that are enriched in detrital silica-rich materials [3, 18].  

Summary: Most of the variance in bulk AmC 
compositions at Gale crater is a result of varying XRD 
amorphous SiO2 abundances. The AmC silica in the 
Bradbury and Mt. Sharp group rocks likely represent 
deposition from pore fluids shortly after deposition, 
and thus represent early diagenesis. The AmC silica in 
the Siccar Point group alteration halos also likely 
formed through interactions with diagenetic fluids, 
though the fluids were much more localized and were 
present during later diagenesis. The origins for the 
silica components of the AmCs in Siccar Point group 
parent rocks are still largely unconstrained. 
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Figure  2. (a) FeOT Vs. SiO2 wt.% in 100% AmC; colors 
represent AmC abundance (wt.%) in rocks and sediments. 
(b) Chemostratigraphic plot of XRD amorphous SiO2 and 
FeOT (wt.%) in Bradbury and Mt. Sharp group rocks; oxide 
values are scaled to 100% bulk sample. Squares represent 
drill holes, shaded areas represent ± one sigma from the 
mean oxide value, and labels mark samples with oxide val-
ues outside the one sigma range.  
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