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Introduction: It has been posited that the large-scale 

climatic evolution of Mars is recorded in its rock record 
by a transition from clay, to sulfate, to oxide dominated 
mineral assemblages at a global scale [1]. The exploration 
of Gale crater by the Curiosity rover, and the wealth of 
data collected as it ascends Mt. Sharp in particular, pro-
vides a means to examine this concept in situ, in part be-
cause orbital data indicate Mt. Sharp may represent a mi-
crocosm of these mineral transitions [2]. For this reason, 
coupled with significant morphological variability among 
the rocks of Mt. Sharp, it was believed that Gale crater 
may have hosted a wide range of depositional settings and 
conditions. A complicated picture has emerged over the 
past ~7 years of roving in Gale crater, but it is one that 
provides novel insight into how we can better bridge the 
spatial gap between rover and orbiter-based datasets. 

In this study we present an integrated view of rover-
based chemical, mineralogical and textural attributes of 
bedrock within Mt. Sharp and compare these results with 
predictions made from orbital data (both before and after 
landing). We address questions such as, what did we get 
‘right’ and what did we get ‘wrong’?, how can we inte-
grate rover and orbital data for Gale crater to improve or-
bit-based interpretations for other regions of Mars, (e.g., 
the Jezero delta for the Mars2020 rover)?, are there major 
mineralogical components that we are not detecting from 
orbit and, if so, why? Perhaps most importantly, what 
have we learned about the processes responsible for the 
mineral/chemical signatures we see from orbit and to 
what extent might this translate to other regions on Mars?  

Integration of Datasets: In this analysis we focus on 
the chemistry and mineralogy of a >300 m section of an-
cient lacustrine mudstones collectively named the Murray 
fm. [3-4]. Elemental abundances from the ChemCam 
(CCAM) and APXS instrument teams are evaluated for 
all bedrock targets from Sols 755-2372, and data are nor-
malized to a ‘volatile-free’ basis to allow direct compari-
son between the two instruments for Si, Al, Mg, Fe, Ca, 
Na, and K. A qualitative comparison is also made be-
tween peak heights in ChemCam LIBS data and APXS 
data for select elements such as Cl, Zn, and Mn. Measure-
ments that are clearly associated with diagenetic features 
(veins, concretions, etc.) are identified and evaluated sep-
arately, allowing us to assess how bedrock chemistry var-
ies laterally and vertically. Mineralogical information for 
drilled bedrock targets is provided by the CheMin (XRD) 
instrument team [5-6]. Visible-near infrared spectral re-
flectance data from the MRO CRISM instrument are used 
to assess mineralogy from orbit [2,7]. Rover Mastcam 
and MAHLI images (scales ranging from tens of meters 
to tens of micrometers) provide detailed information for 

comparison with sub-meter scale textural information ob-
served in MRO HiRISE images. 

Pre-Landing Predictions: Theories for the origin(s) 
of the strata comprising Mt. Sharp were wide ranging 
prior to landing, including eolian, lacustrine, volcanic, 
spring mound etc. [e.g., 8], but ultimately the processes 
responsible for the construction of Mt. Sharp were un-
known. Similarly, although different mineral assem-
blages (e.g., clay, sulfate, hematite, anhydrous) were ob-
served from orbit, the depositional settings and detrital or 
authigenic nature of these minerals were not well con-
strained [2]. The clay-bearing unit  that is now being ex-
plored by Curiosity was noted to be enriched in Fe-smec-
tite (nontronite), possibly occurring as fine-grained sedi-
ment (mudstone) or as a cement in sandstones, and por-
tions of the overlying sulfate-bearing unit were inter-
preted to be sulfate-cemented basaltic sandstones [9].  

The bulk of the Murray fm. that has been observed 
thus far by Curiosity lies to the north of and is stratigraph-
ically beneath the clay-bearing unit and a topographic 
ridge named the Vera Rubin Ridge (VRR) The VRR ex-
hibits enhanced hematite signatures from orbit [10], but 
these are not restricted to the VRR and they were also 
seen in stratigraphically lower portions of the Murray fm., 
alongside H2O and metal-OH absorptions whose mineral 
host(s) were not clearly identifiable [2]. One of the major 
questions prior to Curiosity’s landing was whether or not 
any of the strata in Gale, and the clay unit in particular, 
were lacustrine in origin, which could represent a poten-
tially habitable environment. Unlike the exquisitely pre-
served morphologies of the Eberswalde and Jezero deltas, 
the strata of Mt. Sharp do not exhibit unambiguous indi-
cators of a lacustrine origin based solely on orbital im-
ages. 

Post-Landing Perspectives: It is now recognized that 
the bulk of the Murray fm. is of lacustrine origin and, 
though several facies have been recognized, it is domi-
nated by fine-grained materials (e.g., mudstones) [11]. 
The ‘background’ presence of clays in the Murray fm. is 
likely the origin of the previously unidentified hosts of  
the H2O/OH features seen in CRISM data. This suggests 
that clay minerals may be hard to uniquely identify from 
orbit in certain circumstances, thus our understanding of 
the true distribution of clay minerals in martian sedimen-
tary systems may be rather limited.  

The Murray fm. also contains appreciable amounts of 
Ca-sulfate. Though some is in the form of anhydrite (not 
detectable at CRISM wavelengths), much is also in the 
form of gypsum/bassanite. The Ca-sulfate is associated 
with late diagenetic veins throughout the Murray that may 
be too small in area to detect at the ~18 m/pixel scale of 
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CRISM, but some portions of the Murray exhibit en-
hanced Ca-sulfate that is disseminated throughout the 
bedrock (e.g., as cement; Fig. 1; [12]). Regardless, there 
is no clear indication of Ca-sulfate in the orbital data de-
spite its ubiquitous presence in the Murray fm. Given its 
low solubility, other paleolakes may contain Ca-sulfate 
even if absent in NIR data. 

Hematite is present throughout most of the Murry fm, 
though it is more abundant in certain drill samples, in-
cluding one sample in the VRR [13]. Though  CRISM 
data do indicate the presence of hematite in parts of the 
Murray fm., not all hematite-bearing strata appear as such 
from orbit, and the VRR is not uniquely enriched in hem-
atite or Fe compared with other sections of the Murray 
fm. (Fig. 1). Clay minerals are also common in the sec-
tion, though recent measurements demonstrate the clay-
bearing unit seen from orbit is indeed enriched in clays 
compared with other portions of the Murray fm. [14]. 

Discussion: The minerals detected in Gale prior to 
landing have been verified by rover data, highlighting the 
importance of orbital VIS-NIR reflectance data. How-
ever, regions that appear spectrally ‘bland’ in orbital data 
have been shown to contain appreciable amounts of hy-
drous minerals (e.g., clays, sulfates). Such ‘non-detec-
tions’ are most likely due to a combination of dust/rego-
lith cover and particle size effects (e.g., particulates vs. 
intact bedrock). As such, relative differences in CRISM 
absorption strengths must be interpreted cautiously, par-
ticularly in the context of planning rover traverse routes.  

The CCAM and APXS data demonstrate that varia-
tions in major elements in Murray fm. bedrock targets are 
relatively subtle (Fig. 1), but CheMin data indicate the 
mineral hosts are quite variable. The largest stratigraphic 
variations in chemistry and/or mineralogy – an interval 
enriched in Si, variations in hematite abundance, elevated 
Mn, etc. – appear to be primarily or at least partly associ-
ated with diagenetic processes [e.g., 15]. Therefore, the 
variations in mineral assemblages observed form orbit in 
the Murray may reflect spatial and temporal differences 
in diagenetic processes/fluids rather than inherent 

changes in sediment source regions or surface weathering 
associated with large scale climatic evolution. 

Interestingly, the Murray fm. generally exhibits evi-
dence for enhanced chemical weathering compared with 
older mudstones in the Yellowknife Bay fm. [16], but it 
has also been heavily affected by diagenetic processes 
and even the clay minerals may not be detrital [6]. As 
such, it is possible that the mud-sized sediment entering 
the lake was largely unaltered, consistent with minimal 
chemical weathering in the source region and moderate 
transport distances. A combination of early and late dia-
genetic processes in which fluids interacted with the sed-
iment in an open system, thus allowing for elemental mo-
bility, could explain the apparent enhanced weathering 
signature in CCAM and APXS data [e.g., 6,16].  

Though the presence of a thick sequence of mudstones 
does not require deep lake level,  and though thin intervals 
of subaerial exposure exist [17], there is currently no un-
ambiguous indication within the Murray fm., either tex-
tural or chemical, for sustained periods of subaerial expo-
sure or highly evaporative conditions due to very shallow 
lake level. The upcoming exploration of the overlying 
“sulfate unit” will thus provide a critical step forward in 
assessing if this orbitally-observed mineralogical transi-
tion  represents diagenetic effects or the drying out of 
Gale crater and its lake, a lake that seems to have been 
much longer lived than expected based solely on the ap-
parent orbital distribution of clay-bearing strata. 

References: [1] Bibring, J.-P. et al. (2006), Science, 
312,400-404; [2] Milliken, R. et al. (2010), GRL, 37, L04201; 
[3] Grotzinger, J. et al. (2014), Science, 343, 1242777; [4] 
Grotzinger, J. et al. (2015), Science, 350, aac7575; [5] Rampe, 
E. et al. (2017), EPSL, 471, 172-185; [6] Bristow, T. et al. 
(2018), Science Advances, 4, eaar2220; [7] Sheppard, R. et al., 
this conference; [8] Anderson, R. & J. Bell (2010), Mars, 5, 76-
128; [9] Milliken, R. et al. (2014), GRL, 41, 1149-1154; [10] 
Fraeman, A. et al. (2013), Geology, 41, 1103-1106; [11] Fedo, 
C. et al. (2018), 20th Int. Sed. Congress, 1, p.341;[12] Rapin, W. 
et al., this conference; [13] Rampe, E. et al., this conference; 
[14] Bristow, T. et al., this conference; [15] Frydenvang, J. et 
al., this conference; [16] Mangold, N. et al. (2019), Icarus, 321, 
619-631; [17] Stein, N. et al. (20118), Geology, 46, 515-518.

 

Fig. 1. Major elements do not vary much 
within the Murray fm. mudstones, though the 
middle portion exhibits enhanced Ca-sulfate 
(not in fractures/veins); there is currently no 
clear indication of this in orbital data. Most 
chemical changes are associated with diage-
netic features/processes. 
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