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Introduction:  All of the fluviolacustrine sedimen-

tary rocks in Gale crater analyzed by the CheMin X-
ray diffraction (XRD) instrument have high abundanc-
es of an X-ray amorphous component (AmC) of un-
known origin [1-10]. Hypotheses for the origin of these 
materials include: (1) weathered basaltic glass [1, 7], 
(2) detrital and subsequently altered soil or aeolian 
material [3-4], or (3) diagenetic cement [6]. The AmC 
compositions can be estimated using a mass balance 
calculation (MBC) approach where the AmC is as-
sumed to make up the difference between the bulk and 
the crystalline compositions. This method has been 
applied to most of the drill hole (rock) samples meas-
ured by the CheMin instrument to date [1-11].  

Most studies using the MBC approach only report 
the “best case” estimate, where the crystalline and 
AmC compositions are calculated ignoring AmC and 
mineral abundance uncertainties, yet these uncertain-
ties have been shown to produce a range of possible 
AmC compositions [4]. Furthermore, poorly crystalline 
materials (clay minerals) have been considered part of 
the crystalline component in some studies [4], but not 
others [7-8, 11].  This makes it difficult to compare the 
estimated AmC compositions across all samples (in-
cluding the non-clay-bearing ones). 

It is therefore necessary to calculate the possible 
range of compositions for these materials before we 
can begin to understand possible formation mecha-
nisms. Here we explore the range of possible AmC 
compositions for sedimentary rocks in Gale crater.  

Methods: The MBC approach combines bulk XRD 
mineralogy from CheMin with bulk elemental analyses 
from the APXS instrument to calculate the bulk AmC 
composition [see 4 for details]. We utilize the Scilab 
program designed by [4] to calculate the range of pos-
sible AmC compositions for the rock drill samples 
encountered since [4]. APXS frequently acquires mul-
tiple compositions of the drill sample (e.g., undisturbed 
rock, drill tailings, discard pile). Where applicable, we 
used the same APXS measurements used in previous 
MBCs in order to be consistent with published results.  

We calculate the AmC compositions using mineral 
and AmC abundance uncertainties as outlined in [4]. 
Additionally, for clay-bearing samples, we calculate 
the range of AmC compositions with and without clay 
minerals included in the crystalline component. We 
used Griffith Saponite 1 and 2 compositions [12] as 
proxies for the clay minerals in the lower Murray sam-
ples, and mixtures of Griffith Saponite and Fe-

montmorillonite (#12; [13]) for the upper Murray sam-
ples. These compositions have been compared to clay 
minerals in Gale crater in previous studies.  

Caveats to keep in mind when interpreting results 
from the MBC method include: (1) the composition of 
crystalline phases that are below the detection limit of 
XRD will be allocated to the AmC composition; (2) 
minor elemental substitutions not reported in the ideal 
structure formula for crystalline minerals are also allo-
cated to the AmC composition; (3) clay minerals can 
have complex compositions, and when poorly con-
strained, their presence makes it difficult to precisely 
determine the AmC compositions [4]. 

Preliminary results:  Here we show results for a 
single clay-bearing sample, Confidence Hills (CH). 
CH is a mudstone in the lower Murray formation. The 
mineralogy of this sample was sourced from [7, 14], 
and includes 39±15 wt.% AmC and 8.0±2 wt.% phyl-
losilicates. The composition of the clay minerals is 
most likely ferrian saponite [15], and we use the Grif-
fith Saponite 2 composition as a proxy.  

Fig. 1 shows the range of oxides (ratio to SiO2) for 
the AmC of CH calculated using mineral abundance 
uncertainties and 39 wt.% AmC, with and without clay 
minerals included in the crystalline component. As 
expected, the oxide-to-SiO2 ratios with the largest 
ranges are those found in minerals with the highest 
percent uncertainties: fluorapatite (CaO, P2O5) and 
jarosite (K2O). Most of the oxide ratio ranges overlap 
whether or not the clay minerals are included in the 
crystalline component. Oxide-to-SiO2 ratio ranges with 
little to no overlap are minor components and/or are in 

 
Figure 1. Ranges of calculated oxide-to-SiO2 ratios for the 
CH AmC with and without clay minerals included in the crys-
talline component (note the logarithmic scale). Only one clay 
mineral composition (Griffith Saponite 2) is considered here.  
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the clay composition (TiO2, Cr2O3, SO3, Cl). In gen-
eral, the ranges for most oxides differ from those re-
ported for the Rocknest (RN) and Cumberland (CB) 
samples of the Bradbury Group [4]. 

The crystalline and AmC compositional ranges are 
distinct when plotted on a major elements (Si-Al-Fe) 
diagram (Fig. 2a). Additionally, the compositional 
ranges for each component (amorphous or crystalline) 
are very similar whether or not phyllosilicates are in-
cluded in the crystalline component (Fig. 2a). Overall, 
the AmC is relatively enriched in Si compared to the 
crystalline component. Regardless of where the clay 
mineral compositions are considered, essentially no 
distinction can be made between the AmC and crystal-
line compositions when plotted on an A-CNK-FM 
diagram (Fig. 2b). 

The “best case” estimates accurately represent the 
Si-Al-Fe compositional trend between the crystalline 
and amorphous components (Fig. 2a), but do not accu-
rately represent the lack of a compositional trend with 
the A-CNK-FM oxides (Fig. 2b). 

Discussion: The range of compositions for the 
crystalline and amorphous components are not signifi-
cantly influenced by whether or not phyllosilicates are 
included in the crystalline component. However, CH 
has a relatively low abundance of phyllosilicates, and it 
is reasonable that the effect would be more noticeable 
for samples with higher abundances, such as the more 
recent clay-bearing Murray samples (e.g., Marimba 
~30 wt.%; [14]). 

[4] found considerable overlap between the range 
of AmC compositions for the RN and CB samples, but 
the range of AmC compositions for CH is noticeably 
different. CH has AmCs enriched in Si compared to 
their crystalline counterparts (Fig. 2a). Whereas the 
AmC compositions for RN and CB are generally en-

riched in Fe compared to their crystalline counterparts. 
Additionally, [4] found that some of the AmC compo-
sitions for CB and RN intersected the Si-Fe join on a 
Si-Fe-Al diagram, and some were even consistent with 
hissingerite [4]. However, that is not the case for the 
range of CH AmC compositions calculated using Grif-
fith Saponite 2. These differences suggest that the 
AmC composition is likely different between the 
Bradbury Group and lower Murray rocks.  

Summary: Our preliminary results, along with the 
results of [4], show that the “best case” composition 
estimate can be useful for determining major element 
(Si-Al-Fe) relationships between the crystalline and 
AmC compositions, but might not be useful for minor 
elements and those in minerals with high uncertainties. 
Additionally, our results show that the AmC composi-
tions do vary between samples, suggesting different 
origins, timing, and/or formation conditions. Further 
MBC analyses can help distinguish any compositional 
trends associated with stratigraphic groups, and the 
accuracy with which a “best case” estimate can repre-
sent those chemical trends. 
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Figure 2. Comparison of crystalline and amorphous component compositions for CH on (a) a Si-Al-Fe molar (elemental) 
diagram and (b) a A-CNK-FM molar (oxide) diagram. Ranges are found by calculating the crystalline component using min-
eral abundance uncertainties. Different colors represent crystalline and amorphous component compositions calculated with 
and without clay minerals included in the crystalline component. We also show “best case” estimates that do (this study) and 
do not [7] include clay minerals in the crystalline component. 
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