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Introduction: During the first (terrestrial) year of
the Mars Science Laboratory mission, the CheMin X-
ray diffraction instrument onboard the Curiosity rover
[1] analyzed three samples: Rocknest — scooped from a
sand shadow [2,3] —, and John Klein (JK) and Cumber-
land (CB) — drilled from rock [4]. Both JK and CB are
part of the Sheepbed mudstone, which is the lowest
exposed layer of the Yellowknife Bay formation [5].
The Sheepbed mudstone differs from the Rocknest soil
mainly by the presence of smectite clays [4], but other-
wise the two samples share a number of compositional
characteristics: both contain a significant (~20-50 wt%)
and yet-to-be-identified amorphous component in addi-
tion to several common basaltic minerals [2-4]. Deter-
mining or constraining the abundance and chemical
composition of this major component of Martian soils
and rocks (at least in the area explored by Curiosity) is
an essential first step for understanding its origin,
which in turn would be informative about the geo-
logical history of Gale crater, and of Mars in general
[6]. Here, we present the results of mass balance calcu-
lations that explore the domain of possible chemical
compositions of the amorphous component within the
Rocknest and CB samples.

Methods: Following an approach similar to [7],
we based our calculations on bulk chemical compo-
sitions measured by the APXS instrument, and on
phase abundances and structural formulas derived from
the CheMin XRD patterns [2-4]. We developed a
program in Scilab that allows calculation of all the
possible chemical compositions of the crystalline com-
ponent — and thus of the complementary amorphous
component — for each sample, taking into account the
uncertainties in the phase abundances derived from
CheMin data [2,4]. For the Sheepbed mudstone, we
chose here to work only with the data from the CB drill
hole in order to minimize the potential effects of cross-
sample (i.e., Rocknest-JK) contamination [4].

In some cases, the calculated amorphous compo-
nent may have one or more oxides with concentrations
below 0 wt%: the combination is then rejected by the
program. The lower the proportion of amorphous com-
ponent, the more combinations are rejected. Thus, this
constraint can be used to determine a lower limit to the
overall abundance of the amorphous component, such
that all oxides remain at or above 0 wt% (Fig. 1).

Results: The calculated compositional ranges of
crystalline and amorphous components are shown in
Table 1. The lower limits to the abundance of amor-
phous components are presented in Fig. 1.

Rocknest. The crystalline and amorphous compo-
nents of the Rocknest soil have distinct compositions
for all major oxides (including SiO,, Al,Os;, FeOr,
MgO, CaO and SOs). This implies that it should be
possible, at least theoretically, to distinguish the two
components based on their distinct chemical composi-
tion, for example in the ChemCam dataset [8,9].

The lower limit on the abundance of amorphous
component for Rocknest is 21 wt% (Fig. 1). In
addition, proportions below 25 wt% can be considered
as unlikely, because less than 5% of the calculated
combinations are retained. These values are signifi-
cantly higher than the lower limit (~14 wt%) and closer
to the favored value (~27 wt%) estimated from the
XRD pattern [2].

Cumberland. In the case of the Sheepbed mud-
stone, the exact nature of the smectite clay adds
additional uncertainty on the estimate of the compo-
sition of the amorphous component. In accordance with
[4], we used here two different smectite endmembers
for our calculations: a Ca-poor, ferroan saponite from
Griffith Park, CA (referred here as “griffithite”); and
Clay Minerals Society saponite SapCa-1, a Ca-rich, Fe-
free saponite (only the results for griffithite are repor-
ted in Table 1).

In contrast to Rocknest, crystalline and amorphous
components of CB have overlapping ranges for most
oxides (with the exception of Al,O; for the griffithite
model; Table 1), which means that chemistry alone
may be insufficient to distinguish them. However,
evaluating data on ternary diagrams (e.g., A-CNK-FM
[10]) may be one way to avoid this issue [11].

The lower limit on the abundance of the amorphous
component of CB is 16 wt% with smectite as griffithite
and 12 wt% with smectite as SapCa-1 (Fig. 1). Pro-
portions below 22 wt% and 18 wt% are unlikely (less
than 5% of combinations are retained). These values
are slightly higher than the lower limit estimated from
the XRD pattern (~12 wt%) [4].

Comparison between Rocknest and Cumberland.
From Table 1, the main difference between the amor-
phous component of the Rocknest soil and the CB
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mudstone is the SOz content (~10 to 17 wt% vs <1 to
~7 wt%, respectively). This reflects both the higher S
content of the bulk sample (5.45 vs 2.57 wt%) mea-
sured by APXS and the lower amount of S-bearing
crystalline phases detected by CheMin [4]. (However,
note that JK drill fines have SO3 content of 5.61 wt%,
closer to Rocknest than CB.) Since sulfur can originate
either directly from the source rocks of the sediments
or from later interactions with fluids [10,12], the above
values do not necessarily imply a different origin for
the amorphous components of Rocknest and CB.

Apart from sulfur, and given current uncertainties
on phase abundances derived from CheMin data, the
amorphous components of the Rocknest and Sheepbed
samples have similar compositional ranges for all major
oxides [11]. In particular, both have very low Mg and
Al contents, possibly approaching 0 wt% (Table 1).

Conclusion: Our mass balance calculations allo-
wed us to explore the domain of possible compositions
of the amorphous components detected in the Rocknest
soil and the Sheepbed mudstone by Curiosity. The
results show that they may be chemically similar,
except for the SOz content. Any formation hypothesis
will have to account for these similarities and differ-
rences. Lastly, our calculations provide an independent
way to determine lower limits on the abundances of the
amorphous components within the bulk samples.
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Figure 1 — Percentage of realistic combinations (i.e.,
compositions with all oxides >0 wt%) as a function of the
proportion of amorphous component in the bulk sample.
Starting below ~35 wt% of amorphous component, more and
more combinations (and ultimately, all of them) are rejected
because of MgO and/or Al.0O3 contents below 0 wt%. Total
number of combinations is 59,049 for Rocknest and
1,417,176 for Cumberland.

Rocknest Cumberland (“griffithite”)

Crystalline Amorphous component Crystalline Amorphous

component? 30 wt% 45 wt% component? 30 wt% 45 wt%
SiO, 44.3—49.8 26.7—39.6 344412 40.6—48.2 30.9—48.7 36.7—46.0
TiO, 0112 1.3—338 1.2—2.6 0.1—-0.8 1.7—2.9 1.2—2.0
Al203 10.8—14.5 0.0—6.3 3.2—78 10.1—14.0 0.0—5.0 2.0—6.7
FeOr 12.7—18.0 21.9—34.0 20.6—27.1 18.1—25.5 15.0—32.2 18.5—27.5
MgO 10.2—13.3 0.0—5.2 3.0—6.9 71124 2.5—14.7 5.8—12.3
CaO 7.5—10.0 0.9—6.7 3.9—7.0 48—7.9 3.5—9.8 4382
Na.O 1.8—24 3.8—5.0 3.1-39 1.6—3.0 3.8—6.1 3.0—4.6
K20 0.1—0.6 0.3—15 04—1.0 0.2—0.7 04—1.1 0.3—0.8
SOs 04—15 14.7—17.2 10.3—11.6 0.9—4.0 0.4—6.5 0.8—4.6

Table 1 — Calculated compositional ranges of crystalline and amorphous components in Rocknest (left) and Cumberland (right;
griffithite model only). Two proportions of amorphous component, 30 and 45 wt%, are considered in each case. Gray cells
indicate where ranges for crystalline and amorphous components overlap. 2Range shown for crystalline component is for 45 wt%
of amorphous component, i.e., with no combination rejected.



