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ABSTRACT 

 

The Mars Science Laboratory (MSL) rover, Curiosity, is exploring the layered sediments 

of Gale crater with the primary goal the primary goal of finding and assessing environments that 

are, or once were, favorable habitats for life. Curiosity’s scientific payload was designed to 

analyze the mineralogical, geochemical, and textural properties of rocks and soils encountered by 

the rover. Among this payload is the CheMin X-ray diffractometer, an instrument that provides 

data to determine the identity of crystalline phases present at >1 wt%, the crystal chemistry of 

major minerals, and the distribution of crystalline, clay mineral, and amorphous phases in each 

analyzed sample. Mineralogical assessments are important to understanding sediment sources, 

weathering histories, depositional environments, and diagenetic processes that influenced the 

formation of analyzed soils and rocks.  

This dissertation discusses the mineralogy and crystal chemistry of an active eolian dune 

in Gale crater and compares the results to the basaltic soils analyzed by the Mars Exploration 

Rovers and to the predicted mineralogy of the dune field based on orbital spectral measurements. 

Quantitative mineralogical analyses of an eolian dune sample, named Gobabeb, revealed that the 

sand is dominated by basaltic minerals and X-ray amorphous phases. Plagioclase, olivine, and 

two Ca-Mg-Fe pyroxenes account for the majority of crystalline phases detected. Minor phases 

include magnetite, quartz, hematite, and anhydrite. The X-ray amorphous fraction, ~42 wt% of 

the Gobabeb sample, is composed primarily of SiO2, FeOT, Al2O3 and SO3. Proposed amorphous 

phases include basaltic glass, maskelynite, amorphous silica, nanophase iron oxides, and 

amorphous sulfates. The predicted mineralogy of the Bagnold Dune Field based on VNIR 

(visible-near-infrared) and MIR (mid-infrared) orbital spectral measurements shows high fidelity 

to in situ CheMin mineralogical analyses. Feldspar and olivine abundances are consistent with 
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each other, and the CheMin-derived composition of the olivine, Fo56(3), is nearly identical to 

the value calculated from orbital analyses, Fo55(5).  

In addition to Gale crater eolian materials, this dissertation describes the mineralogy of 

four mudstones from an ancient lacustrine environment and discusses how mineralogical trends 

were used to identify lake and groundwater fluid conditions that interacted with detrital 

sediments over time. The crystalline, clay mineral, and amorphous phase distributions for the 

Oudam, Marimba, Quela, and Sebina drill samples were estimated from CheMin diffraction 

analyses. The mineralogies of these four samples are dominated by plagioclase, Ca-sulfates, 

hematite, and phyllosilicates. The mineral phase assemblages suggest mafic detrital sources for 

all drill samples and contribution from a silicic source in the Oudam drill sample. The presence 

of hematite and Ca-, Fe- and Mg-rich sulfates indicate that all four drill sites were exposed to 

oxidizing conditions, dominantly diagenetic. X-ray amorphous components are SiO2-rich (~50 

wt%) suggesting the presence of amorphous silica, aluminosilicates, and/or Fe-silicates. Overall, 

mineralogy of the analyzed lacustrine rocks suggests a depositional environment where 

sediments were exposed to open-system aqueous alteration processes and subsequent diagenetic 

events resulting in the formation of matrix Ca-sulfates and hematite. 

Lastly, a crystal structure redetermination of lead manganese hydroxide mineral, 

quenselite, is discussed. Single crystal diffraction methods were utilized to determine quenselite 

unit-cell parameters, a = 9.1618(6), b = 5.6927(3), c = 5.6191(3) Å, β = 92.979(3)°, and V = 

292.67 Å3. Although quenselite is not a martian-relevant mineral, a fundamental understanding 

of atomic bonding, structure determination, and publication of crystallographic information files 

(CIF) are essential to the analysis of powder diffraction data. 
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The results presented in this dissertation illustrate the significance of mineralogical 

analyses to the characterization of eolian and fluvio-lacustrine sediments on Mars. 
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INTRODUCTION 

 
Statement of Problem: 

The Mars Science Laboratory (MSL) rover, Curiosity, is providing in situ 

sedimentological, geochemical, and mineralogical assessments of rocks and sediment in Gale 

crater, Mars. Since landing in 2012, the Curiosity rover has traversed the northern crater plains 

(Aeolis Palus) and ascended over 300 m up Mount Sharp (formally, Aeolis Mons), a ~5 km high 

mound of sediments in the center of the crater. Mount Sharp sediments were deposited shortly 

after crater formation (~3.8-3.6 Ga) with deposition continuing through the Noachian-Hesperian 

boundary (Grant et al. 2014). The layered sediments of Mount Sharp record evidence of 

significant climactic and environmental changes in the early Hesperian, specifically a change 

from phyllosilicate-bearing strata in the basal units to sulfate-bearing units higher in the 

stratigraphy (Milliken et al., 2010). In addition to exploring this key mineralogical boundary in 

Mars’ history, the primary goal of the MSL mission is to assess environments that are, or once 

were, favorable habitats for life (Grotzinger et al., 2012). 

To accomplish the mission’s main goal, Curiosity has primarily explored ancient 

lacustrine environments, analyzing the mineralogy and geochemistry of mudstones to 

characterize past depositional and aqueous chemistry conditions and determine whether they 

would have supported microbial life. The sediments analyzed at Yellowknife Bay provided 

evidence of an aqueous environment characterized by neutral water pH, low salinities, variation 

in Fe and S redox states, as well as the identification of biogenic elements (i.e. C, H, N, O, P, and 

S), all requirements necessary for habitability (Grotzinger et al., 2014). With the primary mission 

goal achieved, the Curiosity rover ascended Mount Sharp to continue its characterization of 

fluvio-lacustrine depositional environments recorded in Mount Sharp strata. Additionally, 
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Curiosity has analyzed ancient, lithified eolian dunes from the Stimson formation (Gupta et al., 

2016; Yen et al., 2017) and modern inactive and active eolian sediments along the rover’s 

traverse (Blake et al. 2013; Bridges and Ehlmann, 2018).  

 Curiosity’s scientific payload was designed to fully assess the mineralogical, 

geochemical, and textural properties of rocks and soils encountered by the rover. Complementing 

imaging datasets, which provide meter-to-millimeter scale context to observed sedimentological 

features, are geochemical and mineralogical analyses by the APXS (Alpha Particle X-ray 

Spectrometer), SAM (Sample Analysis at Mars), and CheMin (Chemistry and Mineralogy) 

instruments. APXS measures the geochemistry of Gale crater samples and SAM evolved gas 

analyses (EGA) provide information regarding volatile species released upon the thermal 

decomposition of phases present in analyzed samples (Mahaffy et al., 2012; Gellert et al., 2015). 

The CheMin X-ray diffraction (XRD) instrument uses X-ray crystallography to identify the 

mineralogy of drilled rocks and scooped loose sediment (Blake et al., 2012). 

 CheMin diffraction analyses have proven critical for characterizing source sediments, 

alteration phases, and paleodepositional conditions of rocks and soils analyzed by Curiosity. 

CheMin has analyzed 18 Gale crater rocks and soils (3 soils, 4 sandstones, 1 siltstone/sandstone, 

and 10 mudstones). XRD analyses provide the distribution of crystalline, clay mineral, and 

amorphous components, the identity of crystalline phases present at >1 wt%, and unit-cell 

parameters of major crystalline phases. Crystal chemistries are calculated for major mineral 

phases based on derived unit-cell parameters. In conjunction with mineralogical analyses, the 

chemical composition of the amorphous component can be estimated from mass-balance 

calculations using APXS bulk sample compositions, mineral and clay mineral abundances, the 

crystal chemistries of major phases, the crystal chemistries of minor mineral phases (assumed 
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from literature values), and, if applicable, clay mineral compositions based on  the dioctahedral 

and/or trioctahedral nature of the phyllosilicate and the relative octahedral Fe abundance 

observed in SAM EGA data.  

The objective of this dissertation is to explore the crystalline, clay mineral, and X-ray 

amorphous components of soils and rocks in Gale crater to understand sediment sources, 

weathering histories, depositional environments, and diagenetic processes that formed the 

analyzed sediments. My CheMin-associated research has resulted in two first-authored 

manuscripts: 1) Mineralogy of an Active Eolian Sediment from the Namib Dune, Gale Crater, 

Mars, and 2) Mineralogy of the Murray Formation in Gale Crater, Mars (Appendices A and B). 

The first manuscript reports the mineralogy and crystal chemistry of an active eolian dune and 

compares the results to the compositions and normative mineralogy of basaltic soils analyzed by 

the Mars Exploration Rovers in Meridiani Planum and Gusev Crater, and to the predicted 

mineralogy of the Bagnold Dune Field based on VNIR and MIR orbital spectral measurements. 

The second manuscript reports the mineralogy of four drilled samples from the lowermost unit of 

Mount Sharp. The mineralogy, geochemistry, and sedimentology of the analyzed rocks and 

surrounding strata are presented and used to assess the aqueous history of the sedimentary units. 

 
 
Present Study: 

The main body of this dissertation consists of three stand-alone manuscripts that are 

presented here as appendices and one additional appendix summarizing my contributions to co-

authored manuscripts published while in graduate school. Appendices A-C are formatted in 

accordance to the journals where they were, or are, intended to be submitted. 
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The first manuscript, Mineralogy of an Active Eolian Sediment from the Namib Dune, 

Gale Crater, Mars, reports the mineralogy of an active eolian dune form and compares the 

results to and the orbital spectral mineralogy analyses as well as MER-analyzed basaltic soils. 

The second manuscript, Mineralogy of The Murray Formation in Gale Crater, Mars, reports the 

mineralogy of four drilled samples from the lowermost unit of Mount Sharp and uses the 

mineralogy, geochemistry and sedimentology of these rocks and surrounding strata to describe 

changes in lake conditions over time. The third manuscript, Redetermination of Quenselite, 

PbMn3+O2(OH), presents a crystal structure determination of a lead manganese hydroxide 

mineral by single crystal diffraction methods. I am a co-author on 14 manuscripts related to the 

CheMin instrument and/or results acquired from CheMin analyses in Gale Crater. For a brief 

description of the scientific relevance of each of these chapters and co-authored manuscripts, 

abstracts are provided in the appendices. 

 
Key Results: 

 
APPENDIX A: Mineralogy of an Active Eolian Sediment from the Namib Dune, Gale 
Crater, Mars 
 

Appendix A reports the mineralogy of a martian sand sample named Gobabeb and 

compares the results to the chemical and mineralogical analyses of other Gale crater eolian 

deposits, both analyzed in situ and from orbit, and to the elemental chemistry of basaltic soils 

analyzed at Meridiani Planum and Gusev crater. Quantitative mineralogical analyses of the 

Gobabeb sample revealed that the sand is dominated by basaltic minerals and X-ray amorphous 

phases. Plagioclase (36.5 wt%), olivine (25.8 wt%), and two Ca-Mg-Fe pyroxenes (32.6 wt%) 

account for the majority of crystalline phases along with minor magnetite, quartz, hematite, and 

anhydrite (2.1 wt%, 1.3 wt%, and 0.9 wt%, respectively). The mineral chemistry of plagioclase 
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and olivine, estimated from refined unit-cell parameters, are Ca0.63(5)Na0.37)(Al1.63Si2.37)O8 and 

(Mg1.11(6)Fe0.89)SiO4, respectively. The X-ray amorphous fraction is, at a minimum, ~42 wt% of 

the Gobabeb sample and is composed of ~50 wt% SiO2, ~20 wt% FeOT (Fe2+ plus Fe3+), ~8 wt% 

Al2O3, and ~7 wt% SO3. Basaltic glass, maskelynite, allophane, amorphous silica (e.g., opal-A), 

nanophase iron oxides, and amorphous sulfur-bearing materials are all geochemically viable 

phases that may comprise the Gobabeb X-ray amorphous fraction.   

Mineralogical analysis of the Gobabeb dataset provides insights into the origin(s) and 

geologic history of the dune material and offers an important opportunity for ground truth of 

orbital observations. Mineralogical comparisons of an inactive eolian deposit analyzed earlier in 

the mission, Rocknest, to results from Gobabeb analyses are important for predicting whether the 

sediments originate from the same parent material and how eolian activity affects mineral 

distributions. The Gobabeb plagioclase is distinctly more calcic than that in Rocknest (An63(5) 

vs. An50(4), respectively) and, in both samples, the olivine and augite molar Mg/(Mg+Fe) ratios 

vary. One explanation for these observations is that the minerals in each deposit were sourced 

from more than one parent basalt, and that the source rocks were different for the Rocknest and 

Gobabeb deposits. The predicted mineralogy of the Bagnold Dune Field based on VNIR and 

MIR orbital spectral measurements shows high fidelity to in situ CheMin mineralogical analyses. 

CheMin and orbital-derived phase distributions show that feldspar and olivine abundances are 

consistent with one another but lower amounts of pyroxene are observed in the CheMin 

mineralogy. Furthermore, the CheMin-derived composition of the olivine, Fo56(3), is nearly 

identical to that calculated from orbital analyses (Fo55(5). This unique ground truth comparison 

is important for validating and improving upon spectral models of crystalline phases. 
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APPENDIX B: Mineralogy of the Murray Formation in Gale Crater, Mars 
 

Appendix B describes the mineralogy of four drill samples acquired from the Murray 

formation, discusses the depositional and diagenetic history of the rocks, and compares those 

aqueous processes to proposed processes in previously investigated lacustrine deposits analyzed 

in Gale crater. The crystalline, clay mineral, and amorphous phase distributions for the Oudam, 

Marimba, Quela, and Sebina drill samples were estimated from CheMin diffraction analyses. 

Each sample has ~50 wt% X-ray amorphous materials and varying abundances of crystalline and 

clay minerals. Plagioclase, hematite, and Ca-sulfates are the dominant mineral phases in each 

sample. Minor phases present in all four drill samples are orthopyroxene and quartz. Augite is 

present in Oudam and halite in Quela. Sanidine and jarosite were identified in Marimba, Quela, 

and Sebina. Clay minerals are identified in each diffraction pattern based on the presence of a 

broad peak centered near 10 Å. Marimba, Quela, and Sebina have >16 wt% clay minerals, a 

mixture of dioctahedral and trioctahedral smectite, and ~3 wt% Fe-pyrophyllite is estimated in 

the Oudam drill sample. The crystalline and clay mineralogy of Oudam, Marimba, Quela, and 

Sebina are consistent with the most oxidizing and saline aqueous alteration conditions analyzed 

in Gale crater to date.  

Mineralogical and geochemical data from the strata in which Oudam, Marimba, Quela, 

and Sebina were acquired allowed for an assessment of the depositional history, lake water 

conditions, and groundwater processes that produced the rocks analyzed by Curiosity. Oudam, 

deposited in an eolian or fluvial dune environment, was likely sourced from a mixture of both 

silicic and mafic detritus. The presence of hematite and Ca-, Fe- and Mg-rich sulfates indicate 

that the rocks at Oudam were exposed to dominantly diagenetic oxidizing conditions. The 

mineralogy of Marimba, Quela, and Sebina mudstones reflect a mafic detrital source with 
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deposition in a lacustrine and marginal-lacustrine environment and exposure to open-system 

aqueous alteration. Increasing dioctahedral to trioctahedral ratios (1:2, 1:1, and 5:3 for Marimba, 

Quela and Sebina, respectively) indicate enhanced rates of element mobility during the 

deposition. Crystalline sulfates (gypsum, basanite, anhydrite, and jarosite), amorphous sulfates, 

and hematite are considered diagenetic phases in Marimba, Quela, and Sebina. Multiple 

diagenetic events are proposed to produce the mineral assemblage, with dominantly oxic 

aqueous conditions in addition to one or more brief or local acidic alteration events that formed 

jarosite.  

The X-ray amorphous component reveals subtleties not observed in the sediment’s bulk 

sample chemistries and mineral distributions. In addition to ~17 wt% opal-CT in Oudam, 

approximately 50 wt% amorphous-associated SiO2 is observed in all four drill samples and is 

likely comprised of X-ray amorphous silica (e.g., glass, opal-A), aluminosilicates, and/or Fe-

silicates. A general increase in SO3 is observed from Oudam to Sebina. Fe-rich sulfate phases are 

dominant in the Oudam SO2 profile and are attributed primarily to amorphous Fe-sulfate, 

although minor jarosite may be present. Mg-rich sulfates are identified at higher abundances in 

the Marimba and Quela EGA profiles compared to Fe-rich sulfates. The distribution of 

amorphous sulfates reflects changing diagenetic fluid chemistries. In addition to amorphous 

sulfates, Fe-bearing phases represent a significant fraction of the amorphous component. The 

estimated distribution of Fe-bearing phases in Marimba represents one of the largest variations 

among amorphous components observed in the drill samples. We estimate that ~60% of the total 

FeOT measured in Marimba is attributed to amorphous Fe-oxides and/or Fe-silicates, whereas 

only ~8%, ~30%, and 30% amorphous Fe-oxides and/or Fe-silicates contribute to the FeOT in 
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Oudam, Quela, and Sebina. The distribution of amorphous Fe-bearing phases implies distinctive 

aqueous alteration processes in Marimba. 

The text presented in Appendix B is not in final form. For a complete discussion and final 

conclusions resulting from this analysis, please refer to the manuscript version of this work. The 

final publication will provide a model describing the depositional and diagenetic history of Gale 

crater lacustrine sediments, including a discussion on detrital sources, lake and groundwater 

chemistry and redox conditions, and alteration processes that resulted in the observed mineralogy 

and geochemistry of the Gale crater lacustrine drill samples. 

 

APPENDIX C: Redetermination of Quenselite, PbMn3+O2(OH) 
 

Appendix C reports the structural redetermination of quenselite, a lead manganese oxide 

mineral found in metasomatized manganese ore deposits. Quenselite unit-cell parameters, a = 

9.1618(6), b = 5.6927(3), c = 5.6191(3) Å, β = 92.979(3)°, and V = 292.67 Å3, were determined 

along with anisotropic displacement parameters for all non-H atoms with R1 = 2.2%, improving 

on the structure proposed by Rouse (1971) that had an R factor of 10.6%. The structure of 

quenselite is characterized by alternating layers of edge-sharing, octahedrally coordinated, 

brucite-type Mn3+ sheets parallel to the b-c plane, and linked by double crankshaft chains of 

PbOH running parallel to [001]. All Mn3+O6 octahedra are distorted due primarily to the Jahn-

Teller effect. Four Mn–O bond lengths average 1.927 Å and the two apical bonds average 2.327. 

The Pb atom is bonded to three O2 atoms located between the octahedral layers and one O1 atom 

associated with the MnO6 octahedra. The hydrogen, bonded to O2, was located from difference 

Fourier synthesis. Hydrogen bonding to O3 was determined from bond-valence calculations and 

the O2∙∙∙∙O3 distance of 2.804(6) Å was consistent with the position of the O–H associated band 

in Raman spectra. 
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APPENDIX D: Co-authored Manuscripts 
 
 

Clay Mineral Diversity and Abundance in Sedimentary Rocks of Gale Crater, Mars 
 

T. F. Bristow, E. B. Rampe, C. N. Achilles, D. F. Blake, S. J. Chipera, P. Craig, J. A. Crisp, D. J. 
Des Marais, R. T. Downs, R. Gellert, J. P. Grotzinger, S. Gupta, R. M. Hazen, B. Horgan, J. V. 
Hogancamp, N. Mangold, P. R. Mahaffy, A. C. McAdam, D. W. Ming, J. M. Morookian, R. V. 

Morris, S. M. Morrison, A. H. Treiman, D. T. Vaniman, A. R. Vasavada, A. S. Yen 
 
Clay minerals provide indicators of the evolution of aqueous conditions and possible habitats for 
life on ancient Mars. Analyses by the Mars Science Laboratory rover, Curiosity, show that ~3.5 
Ga fluvio-lacustrine mudstones in Gale crater contain up to ~28 wt.% clay minerals. Here we 
demonstrate that the species of clay minerals deduced from X-ray diffraction and evolved gas 
analysis show a strong palaeoenvironmental dependency. Whilst perennial lake mudstones are 
characterized by Fe-saponite, we find that stratigraphic intervals associated with episodic lake 
drying contain Al-rich, Fe3+-bearing dioctahedral smectite, with minor (3 wt.%) quantities of 
ferripyrophyllite, interpreted as wind-blown detritus, found in candidate aeolian deposits. Our 
results suggest that dioctahedral smectite formed via near-surface chemical weathering driven by 
fluctuations in lake level and atmospheric infiltration, a process leading to the redistribution of 
nutrients and potentially influencing the cycling of gases that help regulate climate.  
 
 
 

Gypsum, Bassanite, and Anhydrite at Gale Crater, Mars 
 

D.T. Vaniman, G.M. Martínez, E.B. Rampe, T.F. Bristow, D.F. Blake, A.S. Yen, D.W. Ming, 
W. Rapin, P.-Y. Meslin, J.M. Morookian, R.T. Downs, S.J. Chipera, R.V. Morris, 

S.M. Morrison, A.H. Treiman, C.N. Achilles, K. Robertson, J.P. Grotzinger, 
R.M. Hazen, R.C. Wiens, D.Y. Sumner 

 
Gypsum, bassanite, and anhydrite are common minerals at Gale crater on Mars. Warm conditions 
(~5 to 30 °C) in the CheMin X-ray diffraction instrument, used to determine the presence and 
abundance of these Ca-sulfate phases, and near-equatorial warm-season surface heating of exposed 
bedrock and sand, have the potential to drive gypsum dehydration to basanite. By accounting for 
these effects we are able to quantify the various Ca-sulfate phases in sedimentary rocks and in 
eolian sands at Gale crater. All three Ca-sulfate minerals occur together in some sedimentary rocks 
and their abundances and associations vary stratigraphically. Several Ca-sulfate diagenetic events 
are indicated. Salinity-driven anhydrite precipitation at temperatures below ~50 °C is supported 
by co-occurrence of more soluble salts. An alternative pathway to anhydrite via dehydration might 
be possible, but if so would likely be limited to warmer dark eolian sands that presently contain 
only anhydrite. The polyphase Ca-sulfate associations at Gale crater reflect limited opportunities 
for equilibration, and presage mixed salt associations anticipated in higher strata that are more 
sulfate-rich and may mark local or global environmental change. Mineral transformations within 
CheMin provide a better understanding of changes that might occur in samples returned from 
Mars. 
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Relationships between Unit-Cell Parameters and Compositions for Rock-Forming Minerals 
on Earth, Mars, and other Terrestrial Bodies 

 
Shaunna M. Morrison, Robert T. Downs, David F. Blake, Anirudh Prabhu, Ahmed Eleish, 

David T. Vaniman, Douglas W. Ming, Elizabeth B. Rampe, Robert M. Hazen, Cherie N. Achilles, 
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Philippe C. Sarrazin, Kim V. Fendrich, John Michael Morookian, Jack D. Farmer, 
David J. Des Marais, and Patricia I. Craig 

 
Mathematical relationships between unit-cell parameters and chemical composition were 
developed for selected mineral phases observed with the CheMin X-ray diffractometer onboard 
the Curiosity rover in Gale crater. This study presents algorithms for estimating the chemical 
composition of phases based solely on X-ray diffraction data. The mineral systems include 
plagioclase, alkali feldspar, Mg-Fe-Ca C2/c clinopyroxene, Mg-Fe-Ca P21/c clinopyroxene, Mg-
Fe-Ca orthopyroxene, Mg-Fe olivine, magnetite and other selected spinel oxides, and alunite-
jarosite. These methods assume compositions of Na-Ca for plagioclase, K-Na for alkali feldspar, 
Mg-Fe-Ca for pyroxene, and Mg-Fe for olivine; however, some other minor elements may occur 
and their impact on measured unit-cell parameters is discussed. These crystal-chemical algorithms 
can be applied to material of any origin, whether that origin is Earth, Mars, an extraterrestrial body, 
or a laboratory. 
 
 
 

Crystal Chemistry of Martian Minerals from Bradbury Landing through 
Naukluft Plateau, Gale Crater, Mars 
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Crystal chemical algorithms were used to estimate the chemical composition of selected mineral 
phases observed with the CheMin X-ray diffractometer onboard the NASA Curiosity rover in Gale 
crater, Mars. These phases include plagioclase, P21/c and C2/c clinopyroxene, orthopyroxene, 
olivine, spinel, and alunite-jarosite group minerals. Gale crater plagioclase has an estimated 
average of An40(11) with a range of An30(8) to An63(6). Alkali feldspar, specifically sanidine, average 
composition is Or74(17) with fully disordered Al/Si. The P21/c clinopyroxene, pigeonite, observed 
in Gale crater has a broad compositional range {[Mg0.95(12)-1.54(17)Fe0.18(17)-1.03(9)Ca0.00-

0.28(6)]Σ=2Si2O6}with an average of Mg1.18(19)Fe0.72(7)Ca0.10(9)Si2O6. Augite, C2/c clinopyroxene, is 
detected in fewer samples and has a narrow range of composition {[Mg0.89(8)-1.03(7)Ca0.72(4)-

0.75(4)Fe0.21(9)-0.38(9)]Σ=2Si2O6}, with an average of Mg0.96(6)Ca0.73(2)Fe0.31(8)Si2O6. Orthopyroxene has 
an average composition of Mg0.79(6)Fe1.20(6)Ca0.01(2)Si2O6 and a range of [Mg0.69(7)-0.86(20)Fe1.14(20)-

1.31(7)Ca0.00-0.04(4)]Σ=2Si2O6. Gale crater Mg-Fe olivine has an average composition of 
Mg1.19(12)Fe0.81(12)SiO4 with a range of 1.08(3) to 1.45(7) Mg apfu. We assume magnetite (Fe3O4) 
is cation-deficient (Fe3-x□xO4) in Gale crater samples [average = Fe2.83(5)□0.14O4; range 2.75(5) to 
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2.90(5) Fe apfu], but we also report other plausible cation substitutions such as Al, Mg, and Cr 
that would yield equivalent unit-cell parameters. Abundant jarosite is found in only one sample, 
Mojave2; its estimated composition is (K0.51(12)Na0.49)(Fe2.68(7)Al0.32)(SO4)2(OH)6. In addition to 
providing composition and abundances of the crystalline phases, we calculate the composition of 
the amorphous components for each of the samples analyzed by CheMin and provide averages for 
the Bradbury and Mount Sharp groups, including wind-blown soils, and the Yellowknife Bay, 
Kimberley, Murray, and Stimson formations. 
 
 
 

Chemistry, Mineralogy, and Grain Properties at Namib and High Dunes, Bagnold Dune 
Field, Gale Crater, Mars: A Synthesis of Curiosity Rover Observations 
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Mahaffy, S. Maurice, M. McHenry, P.‐Y. Meslin, D. W. Ming, M. E. Minitti, J. M. Morookian, R. 
V. Morris, C. D. O'Connell‐Cooper, P. C. Pinet, S. K. Rowland, S. Schröder, K. L. Siebach, N. T. 
Stein, L. M. Thompson, D. T. Vaniman, A. R. Vasavada, D. F. Wellington, R. C. Wiens, A. S. Yen 
 
The Mars Science Laboratory Curiosity rover performed coordinated measurements to examine 
the textures and compositions of aeolian sands in the active Bagnold dune field. The Bagnold sands 
are rounded to subrounded, very fine to medium sized (~45–500 μm) with ≥6 distinct grain colors. 
In contrast to sands examined by Curiosity in a dust-covered, inactive bedform called Rocknest 
and soils at other landing sites, Bagnold sands are darker, less red, better sorted, have fewer silt-
sized or smaller grains, and show no evidence for cohesion. Nevertheless, Bagnold mineralogy 
and Rocknest mineralogy are similar with plagioclase, olivine, and pyroxenes in similar 
proportions comprising >90% of crystalline phases, along with a substantial amorphous 
component (35% ± 15%). Yet Bagnold and Rocknest bulk chemistry differ. Bagnold sands are Si 
enriched relative to other soils at Gale crater, and H2O, S, and Cl are lower relative to all previously 
measured Martian soils and most Gale crater rocks. Mg, Ni, Fe, and Mn are enriched in the coarse-
sieved fraction of Bagnold sands, corroborated by visible/near-infrared spectra that suggest 
enrichment of olivine. Collectively, patterns in major element chemistry and volatile release data 
indicate two distinctive volatile reservoirs in Martian soils: (1) amorphous components in the sand-
sized fraction (represented by Bagnold) that are Si-enriched, hydroxylated alteration products 
and/or H2O- or OH-bearing impact or volcanic glasses and (2) amorphous components in the fine 
fraction (<40 μm; represented by Rocknest and other bright soils) that are Fe, S, and Cl enriched 
with low Si and adsorbed and structural H2O. 
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Visible/near-infrared Spectral Diversity from In Situ Observations of the Bagnold Dune 
Field Sands in Gale Crater, Mars 
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As part of the Bagnold Dune campaign conducted by Mars Science Laboratory rover Curiosity, 
visible/near-infrared reflectance spectra of dune sands were acquired using Mast Camera 
(Mastcam) multispectral imaging (445–1013 nm) and Chemistry and Camera (ChemCam) passive 
point spectroscopy (400–840 nm). By comparing spectra from pristine and rover-disturbed ripple 
crests and troughs within the dune field, and through analysis of sieved grain size fractions, 
constraints on mineral segregation from grain sorting could be determined. In general, the dune 
areas exhibited low relative reflectance, a weak ~530 nm absorption band, an absorption band near 
620 nm, and a spectral downturn after ~685 nm consistent with olivine-bearing sands. The finest 
grain size fractions occurred within ripple troughs and in the subsurface and typically exhibited 
the strongest ~530 nm bands, highest relative reflectances, and weakest red/near-infrared ratios, 
consistent with a combination of crystalline and amorphous ferric materials. Coarser-grained 
samples were the darkest and bluest and exhibited weaker ~530 nm bands, lower relative 
reflectances, and stronger downturns in the near-infrared, consistent with greater proportions of 
mafic minerals such as olivine and pyroxene. These grains were typically segregated along ripple 
crests and among the upper surfaces of grain flows in disturbed sands. Sieved dune sands exhibited 
progressive decreases in reflectance with increasing grain size, as observed in laboratory spectra 
of olivine size separates. The continuum of spectral features observed between the coarse- and 
fine-grained dune sands suggests that mafic grains, ferric materials, and air fall dust mix in variable 
proportions depending on aeolian activity and grain sorting. 
 
 
 

Mineralogy of an Ancient Lacustrine Mudstone Succession from the 
Murray Formation, Gale Crater, Mars 
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The Mars Science Laboratory Curiosity rover has been traversing strata at the base of Aeolis Mons 
(informally known as Mount Sharp) since September 2014. The Murray formation makes up the 
lowest exposed strata of the Mount Sharp group and is composed primarily of finely laminated 
lacustrine mudstone intercalated with rare crossbedded sandstone that is prodeltaic or fluvial in 
origin. We report on the first three drilled samples from the Murray formation, measured in the 
Pahrump Hills section. Rietveld refinements and FULLPAT full pattern fitting analyses of X-ray 
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diffraction patterns measured by the MSL CheMin instrument provide mineral abundances, refined 
unit-cell parameters for major phases giving crystal chemistry, and abundances of X-ray 
amorphous materials. Our results from the samples measured at the Pahrump Hills and previously 
published results on the Buckskin sample measured from the Marias Pass section stratigraphically 
above Pahrump Hills show stratigraphic variations in the mineralogy; phyllosilicates, hematite, 
jarosite, and pyroxene are most abundant at the base of the Pahrump Hills, and crystalline and 
amorphous silica and magnetite become prevalent higher in the succession. Some trace element 
abundances measured by APXS also show stratigraphic trends; Zn and Ni are highly enriched with 
respect to average Mars crust at the base of the Pahrump Hills (by 7.7 and 3.7 times, respectively), 
and gradually decrease in abundance in stratigraphically higher regions near Marias Pass, where 
they are depleted with respect to average Mars crust (by more than an order of magnitude in some 
targets). The Mn stratigraphic trend is analogous to Zn and Ni, however, Mn abundances are close 
to those of average Mars crust at the base of Pahrump Hills, rather than being enriched, and Mn 
becomes increasingly depleted moving upsection. Minerals at the base of the Pahrump Hills, in 
particular jarosite and hematite, as well as enrichments in Zn, Ni, and Mn, are products of acid-
sulfate alteration on Earth. We hypothesize that multiple influxes of mildly to moderately acidic 
pore fluids resulted in diagenesis of the Murray formation and the observed mineralogical and 
geochemical variations. The preservation of some minerals that are highly susceptible to 
dissolution at low pH (e.g., mafic minerals and fluorapatite) suggests that acidic events were not 
long-lived and that fluids may not have been extremely acidic (pH>2). Alternatively, the observed 
mineralogical variations within the succession may be explained by deposition in lake waters with 
variable Eh and/or pH, where the lowermost sediments were deposited in an oxidizing, perhaps 
acidic lake setting, and sediments deposited in the upper Pahrump Hills and Marias Pass were 
deposited lake waters with lower Eh and higher pH. 
 
 
 

Silicic Volcanism on Mars Evidenced by Tridymite in High-SiO2 
Sedimentary Rock at Gale Crater 
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Marais, Jack D. Farmer, Kim V. Fendrich, Jens Frydenvang, Trevor G. Graff, John Michael 

Morookian, Edward M. Stolper, and Susanne P. Schwenzer 
 
Tridymite, a low-pressure, high-temperature (>870 °C) SiO2 polymorph, was detected in a drill 
sample of laminated mudstone (Buckskin) at Marias Pass in Gale crater, Mars, by the Chemistry 
and Mineralogy X-ray diffraction instrument onboard the Mars Science Laboratory rover, 
Curiosity. The tridymitic mudstone has ∼40 wt.% crystalline and ∼60 wt.% X-ray amorphous 
material and a bulk composition with ∼74 wt.% SiO2 (Alpha Particle X-Ray Spectrometer 
analysis). Plagioclase (∼17 wt.% of bulk sample), tridymite (∼14 wt.%), sanidine (∼3 wt.%), 
cation-deficient magnetite (∼3 wt.%), cristobalite (∼2 wt.%), and anhydrite (∼1 wt.%) are the 
mudstone crystalline minerals. Amorphous material is silica-rich (∼39 wt.% opal-A and/or high-
SiO2 glass and opal-CT), volatile-bearing (16 wt.% mixed cation sulfates, phosphates, and 
chlorides−perchlorates−chlorates), and has minor TiO2 and Fe2O3T oxides (∼5 wt.%). Rietveld 
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refinement yielded a monoclinic structural model for a well-crystalline tridymite, consistent with 
high formation temperatures. Terrestrial tridymite is commonly associated with silicic volcanism, 
and detritus from such volcanism in a “Lake Gale” catchment environment can account for 
Buckskin’s tridymite, cristobalite, feldspar, and any residual high-SiO2 glass. These cogenetic 
detrital phases are possibly sourced from the Gale crater wall/rim/central peak. Opaline silica could 
form during diagenesis from high-SiO2 glass, as amorphous precipitated silica, or as a residue of 
acidic leaching in the sediment source region or at Marias Pass. The amorphous mixed-cation salts 
and oxides and possibly the crystalline magnetite (otherwise detrital) are primary precipitates 
and/or their diagenesis products derived from multiple infiltrations of aqueous solutions having 
variable compositions, temperatures, and acidities. Anhydrite is post lithification fracture/vein fill. 
 
 
 

Mineralogy, Provenance, and Diagenesis of a Potassic Basaltic Sandstone on Mars: 
CheMin X-ray Diffraction of the Windjana Sample (Kimberley Area, Gale Crater) 
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The Windjana drill sample, a sandstone of the Dillinger member (Kimberley formation, Gale 
Crater, Mars), was analyzed by CheMin X-ray diffraction (XRD) in the MSL Curiosity rover. 
From Rietveld refinements of its XRD pattern, Windjana contains the following: sanidine (21% 
weight, ~Or95); augite (20%); magnetite (12%); pigeonite; olivine; plagioclase; amorphous and 
smectitic material (~25%); and percent levels of others including ilmenite, fluorapatite, and 
bassanite. From mass balance on the Alpha Proton X-ray Spectrometer (APXS) chemical analysis, 
the amorphous material is Fe rich with nearly no other cations—like ferrihydrite. The Windjana 
sample shows little alteration and was likely cemented by its magnetite and ferrihydrite. From 
ChemCam Laser-Induced Breakdown Spectrometer (LIBS) chemical analyses, Windjana is 
representative of the Dillinger and Mount Remarkable members of the Kimberley formation. LIBS 
data suggest that the Kimberley sediments include at least three chemical components. The most 
K-rich targets have 5.6% K2O, ~1.8 times that of Windjana, implying a sediment component with 
>40% sanidine, e.g., a trachyte. A second component is rich in mafic minerals, with little feldspar 
(like a shergottite). A third component is richer in plagioclase and in Na2O, and is likely to be 
basaltic. The K-rich sediment component is consistent with APXS and ChemCam observations of 
K-rich rocks elsewhere in Gale Crater. The source of this sediment component was likely volcanic. 
The presence of sediment from many igneous sources, in concert with Curiosity’s identifications 
of other igneous materials (e.g.,mugearite), implies that the northern rim of Gale Crater exposes a 
diverse igneous complex, at least as diverse as that found in similar-age terranes on Earth. 
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The Mars Science Laboratory (MSL) rover Curiosity has documented a section of fluvio-lacustrine 
strata at Yellowknife Bay (YKB), an embayment on the floor of Gale crater, approximately 500 m 
east of the Bradbury landing site. X-ray diffraction (XRD) data and evolved gas analysis (EGA) 
data from the CheMin and SAM instruments show that two powdered mudstone samples (named 
John Klein and Cumberland) drilled from the Sheepbed member of this succession contain up to 
~20 wt% clay minerals. A trioctahedral smectite, likely a ferrian saponite, is the only clay mineral 
phase detected in these samples. Smectites of the two samples exhibit different 001 spacing under 
the low partial pressures of H2O inside the CheMin instrument (relative humidity <1%). Smectite 
interlayers in John Klein collapsed sometime between clay mineral formation and the time of 
analysis to a basal spacing of 10 Å, but largely remain open in the Cumberland sample with a basal 
spacing of ~13.2 Å. Partial intercalation of Cumberland smectites by metal-hydroxyl groups, a 
common process in certain pedogenic and lacustrine settings on Earth, is our favored explanation 
for these differences. 
 
The relatively low abundances of olivine and enriched levels of magnetite in the Sheepbed 
mudstone, when compared with regional basalt compositions derived from orbital data, suggest 
that clay minerals formed with magnetite in situ via aqueous alteration of olivine. Mass-balance 
calculations are permissive of such a reaction. Moreover, the Sheepbed mudstone mineral 
assemblage is consistent with minimal inputs of detrital clay minerals from the crater walls and 
rim. Early diagenetic fabrics suggest clay mineral formation prior to lithification. Thermodynamic 
modeling indicates that the production of authigenic magnetite and saponite at surficial 
temperatures requires a moderate supply of oxidants, allowing circum-neutral pH. The kinetics of 
olivine alteration suggest the presence of fluids for thousands to hundreds of thousands of years. 
Mineralogical evidence of the persistence of benign aqueous conditions at YKB for extended 
periods indicates a potentially habitable environment where life could establish itself. Mediated 
oxidation of Fe2+ in olivine to Fe3+ in magnetite, and perhaps in smectites provided a potential 
energy source for organisms.  
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Characterization as an Analog for Clay Minerals on Mars with Application to Yellowknife 
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Ferrian saponite from the eastern Santa Monica Mountain, near Griffith Park (Los Angeles, Cali-
fornia), was investigated as a mineralogical analog to smectites discovered on Mars by the CheMin 
X-ray diffraction instrument onboard the Mars Science Laboratory (MSL) rover. The martian clay 
minerals occur in sediment of basaltic composition and have 02l diffraction bands peaking at 4.59 
Å, consistent with tri-octahedral smectites. The Griffith saponite occurs in basalts as 
pseudomorphs after olivine and mesostasis glass and as fillings of vesicles and cracks and has 02l 
diffraction bands at that same position. We obtained chemical compositions (by electron 
microprobe), X-ray diffraction patterns with a lab version of the CheMin instrument, Mössbauer 
spectra, and visible and near-IR reflectance (VNIR) spectra on several samples from that locality. 
The Griffith saponite is magnesian, Mg/(Mg+SFe) = 65–70%, lacks tetrahedral Fe3+ and 
octahedral Al3+, and has Fe3+/SFe from 64 to 93%. Its chemical composition is consistent with a 
fully tri-octahedral smectite, but the abundance of Fe3+ gives a nominal excess charge of +1 to +2 
per formula unit. The excess charge is likely compensated by substitution of O2– for OH–, causing 
distortion of octahedral sites as inferred from Mössbauer spectra. We hypothesize that the Griffith 
saponite was initially deposited with all its iron as Fe2+ and was oxidized later. X-ray diffraction 
shows a sharp 001 peak at 15 Å, 00l peaks, and a 02l diffraction band at the same position (4.59 
Å) and shape as those of the martian samples, indicating that the martian saponite is not fully 
oxidized. VNIR spectra of the Griffith saponite show distinct absorptions at 1.40, 1.90, 2.30–2.32, 
and 2.40 mm, arising from H2O and hydroxyl groups in various settings. The position of the ~2.31 
mm spectral feature varies systematically with the redox state of the octahedrally coordinated Fe. 
This correlation may permit surface oxidation state to be inferred (in some cases) from VNIR 
spectra of Mars obtained from orbit, and, in any case, ferrian saponite is a viable assignment for 
spectral detections in the range 2.30–2.32 mm. 
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Sedimentary rocks at Yellowknife Bay (Gale crater) on Mars include mudstone sampled by the 
Curiosity rover. The samples, John Klein and Cumberland, contain detrital basaltic minerals, 
calcium sulfates, iron oxide or hydroxides, iron sulfides, amorphous material, and trioctahedral 
smectites. The John Klein smectite has basal spacing of ~10 angstroms, indicating little interlayer 
hydration. The Cumberland smectite has basal spacing at both ~13.2 and ~10 angstroms. The 
larger spacing suggests a partially chloritized interlayer or interlayer magnesium or calcium 
facilitating H2O retention. Basaltic minerals in the mudstone are similar to those in nearby eolian 
deposits. However, the mudstone has far less Fe-forsterite, possibly lost with formation of smectite 
plus magnetite. Late Noachian/Early Hesperian or younger age indicates that clay mineral 
formation on Mars extended beyond Noachian time. 
 
 
 
X-Ray Diffraction Results from Mars Science Laboratory: Mineralogy of Rocknest Aeolian 
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A. H. Treiman, P. Sarrazin, S. M. Morrison, R. T. Downs, C. N. Achilles, A. S. Yen, 

T. F. Bristow, J. A. Crisp, J. M. Morookian, J. D. Farmer, E. B. Rampe, E. M. Stolper, 
N. Spanovich, and the MSL Science Team 

 
The Mars Science Laboratory rover Curiosity scooped samples of soil from the Rocknest aeolian 
bedform in Gale crater. Analysis of the soil with the Chemistry and Mineralogy (CheMin) X-ray 
diffraction (XRD) instrument revealed plagioclase (~An57), forsteritic olivine (~Fo62), augite, 
and pigeonite, with minor K-feldspar, magnetite, quartz, anhydrite, hematite, and ilmenite. The 
minor phases are present at, or near, detection limits. The soil also contains 27 ± 14 weight percent 
X-ray amorphous material, likely containing multiple Fe3+- and volatile-bearing phases, 
including possibly a substance resembling hisingerite. The crystalline component is similar to the 
normative mineralogy of certain basaltic rocks from Gusev crater on Mars and of martian basaltic 
meteorites. The amorphous component is similar to that found on Earth in places such as soils on 
the Mauna Kea volcano, Hawaii. 
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Curiosity at Gale crater, Mars: Characterization and Analysis of the Rocknest Sand 
Shadow 

 
D. F. Blake, R. V. Morris, G. Kocurek, S. M. Morrison, R. T. Downs, D. Bish D. W. Ming, K. S. 
Edgett, D. Rubin, W. Goetz, M. B. Madsen, R. Sullivan, R. Gellert, I. Campbell, A. H. Treiman, 
S. M. McLennan, A. S. Yen, J. Grotzinger, D. T. Vaniman, S. J. Chipera, C. N. Achilles, E. B. 
Rampe, D. Sumner, P.-Y. Meslin, S. Maurice, O. Forni, O. Gasnault, M. Fisk, M. Schmidt, P. 

Mahaffy, L. A. Leshin, D. Glavin, A. Steele, C. Freissinet, R. Navarro-González, R. A. Yingst, L. 
C. Kah, N. Bridges, K. W. Lewis, T. F. Bristow, J. D. Farmer, J. A. Crisp, E. M. Stolper, D. J. 

Des Marais, P. Sarrazin,  MSL Science Team 
 
The Rocknest aeolian deposit is similar to aeolian features analyzed by the Mars Exploration 
Rovers (MERs) Spirit and Opportunity. The fraction of sand <150 micrometers in size contains 
~55% crystalline material consistent with a basaltic heritage and ~45% x-ray amorphous material. 
The amorphous component of Rocknest is iron-rich and silicon-poor and is the host of the volatiles 
(water, oxygen, sulfur dioxide, carbon dioxide, and chlorine) detected by the Sample Analysis at 
Mars instrument and of the fine-grained nanophase oxide component first described from basaltic 
soils analyzed by MERs. The similarity between soils and aeolian materials analyzed at Gusev 
Crater, Meridiani Planum, and Gale Crater implies locally sourced, globally similar basaltic 
materials or globally and regionally sourced basaltic components deposited locally at all three 
locations. 
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Abstract 

 The Mars Science Laboratory rover, Curiosity, is using a comprehensive scientific payload to 

explore rocks and soils in Gale crater, Mars. Recent investigations of the Bagnold Dune Field 

provided the first in situ assessment of an active dune on Mars. The CheMin X-ray diffraction 

instrument on Curiosity performed quantitative mineralogical analyses of the <150 µm size 

fraction of the Namib dune at a location called Gobabeb. Gobabeb is dominated by basaltic 

minerals. Plagioclase, Fo56 olivine, and two Ca-Mg-Fe pyroxenes account for the majority of 
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crystalline phases along with minor magnetite, quartz, hematite, and anhydrite. In addition to the 

crystalline phases, a minimum ~42 wt% of the Gobabeb sample is X-ray amorphous. 

Mineralogical analysis of the Gobabeb dataset provides insights into the origin(s) and geologic 

history of the dune material and offers an important opportunity for ground truth of orbital 

observations. CheMin’s analysis of the mineralogy and phase chemistry of modern and ancient 

Gale crater dune fields, together with other measurements by Curiosity’s science payload, 

provides new insights into present and past eolian processes on Mars. 

 

1 Introduction 

The Mars Science Laboratory (MSL) rover, Curiosity, is providing in situ 

sedimentological, geochemical, and mineralogical assessments of rocks and sediment in Gale 

crater, Mars. Since landing in 2012, Curiosity has traveled over 16 km while exploring the 

sedimentary units of Aeolus Palus (Bradbury group) and the foothills of Aeolis Mons, commonly 

called Mt. Sharp. Curiosity’s recent traverse through an active basaltic eolian deposit, informally 

named the Bagnold Dune Field (Fig. 1), provided the opportunity for a multi-instrument 

investigation of the geomorphology, chemistry, and mineralogy of the dunes. This 

comprehensive campaign is the first in situ assessment of active dunes on a planet other than 

Earth [Bridges and Ehlmann, this issue]. 

Prior to Curiosity’s arrival at the Bagnold Dune Field, orbital observations characterized 

the geomorphology and predicted the mineralogy of the Bagnold Dunes. HiRISE (High 

Resolution Imaging Science Experiment) images revealed that the dune field is comprised of 

barchan, crescentic, and linear dunes with active ripple and dune migration resulting from a 

combination of northwesterly and northeasterly winds [Hobbs et al., 2010; Silvestro et al., 2013; 
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Day and Kocurek, 2016]. Visible-near infrared (VNIR) and mid-infrared (MIR) spectral data 

indicated strong olivine and high-calcium pyroxene signatures [Rogers and Bandfield, 2009; 

Anderson and Bell, 2010; Milliken et al., 2010; Seelos et al., 2014] and a predicted olivine 

composition of Fo55(5) [Lane and Christensen, 2013]. Values in parentheses indicate precision 

in the last digit and 1σ uncertainty (i.e. Fo55 ± 5). Mapping of VNIR data showed a greater 

abundance of olivine in the barchan dunes and a greater abundance of high-Ca pyroxene in the 

linear dunes, implying spatially variable mineral sorting within the dune field [Seelos et al., 

2014; Lapotre et al., this issue]. Curiosity’s traverse through the Bagnold Dune Field presents a 

rare opportunity to provide mineralogical ground truth for this type of orbital observation. 

The science objectives of the Bagnold Dune Campaign included characterizing 

sedimentary structures and active dune processes on Mars, constraining the provenance of the 

dune sand, and assessing the potential of the dunes as a trap for water [Bridges and Ehlmann, 

this issue]. From sols (Mars days) 1164 to 1244, Curiosity completed six campaign phases, 

including an in situ sampling campaign that was conducted at a site named Gobabeb (Fig. 1), 

located on the northwestern flank and secondary slipface of the Namib barchan dune (Fig. 2). 

The Gobabeb site was chosen for its strong olivine spectral signature and high rates of sediment 

transport, as evidenced by large ripple displacements [Lapotre et al., 2016; Silvestro et al., 

2016]. Three scooped samples were collected from the crest of a large ripple (Figs. 2 and 3). 

During the Bagnold sampling campaign, observations were designed to characterized the grain 

size distribution, chemical composition, mineralogy, and volatile chemistry of the three scooped 

samples [Cousin et al., this issue; Ehlmann et al., this issue; O’Connell-Cooper et al., this issue].  

Gobabeb is the second eolian sand deposit investigated with Curiosity’s full suite of 

science instruments. The first, named Rocknest, is an inactive, dust-covered sand shadow (Fig. 4) 



36 
 

[Bish et al., 2013; Blake et al., 2013]. Rocknest is dominated by basaltic minerals, has a 

substantial fraction (35(15) wt%) of X-ray amorphous materials, and a bulk elemental 

composition similar to basaltic sediments analyzed elsewhere on Mars by the Mars Exploration 

Rovers (MERs). Comparisons of Rocknest and Gobabeb mineralogy provide insights into the 

provenance, source material(s), and weathering history of these modern dune forms. Shortly after 

the Gobabeb campaign, Curiosity analyzed lithified Stimson formation sandstones, interpreted to 

be ancient (>3.7 Ga) sand dunes overlying Murray formation lacustrine mudstones [Grotzinger 

et al., 2015; Banham et al., 2016]. Taken together, Curiosity’s characterization of both modern 

and ancient eolian deposits contributes to our understanding of the geologic history and 

environment of Gale crater as well as planet-wide eolian processes. Characterizing the 

mineralogy of Gale crater sands also provides an opportunity to contextualize our understanding 

of the nature of eolian deposits analyzed by previous Mars missions. 

Prior to MSL, the chemical compositions of martian soils had been analyzed by six 

landers (i.e., Viking I and II, Pathfinder, Spirit, Opportunity, and Phoenix) at sites distributed 

across the planet. Soils (defined here as loose, unconsolidated material) analyzed by the Viking 

landers in Utopia Planitia and Chryse Planitia had nearly identical compositions with the 

exception of a slight enrichment of Ti and Cl and depletion of S at Chryse Planitia [Clark et al., 

1982]. Pathfinder’s exploration of a second site in Chryse Planitia showed soil compositions 

similar to both Viking sites [Rieder et al., 1997]. Soils trenched by the Phoenix lander confirmed 

the presence of carbonate and perchlorate as trace components; however, the bulk soil 

composition was not measured [Boynton et al., 2009; Hecht et al., 2009; Cannon et al., 2012; 

Sutter et al., 2012]. 
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Over the course of their multi-year missions, the Mars Exploration Rovers, Spirit and 

Opportunity, analyzed dozens of soils in Gusev crater and Meridiani Planum, respectively [Yen 

et al., 2006]. Compositional similarities between basaltic soils at these two regions and those 

measured by previous landers indicate that many of Mars’ equatorial soils contain some globally 

distributed components, specifically fine dust (particles <10 µm as defined by Greely and 

Iverson (1985)) [Yen et al., 2005]. The mineralogy of MER-analyzed soils was calculated from 

MIR spectral deconvolutions, normative geochemical calculations, and Mössbauer spectroscopy, 

but these techniques have limitations in distinguishing between compositionally similar phases, 

identifying non-Fe-bearing phases, detecting trace phases, and determining crystal chemistry 

[Ming et al., 2006; Morris et al., 2008; Rogers and Aharonson, 2008; McSween et al., 2010]. The 

addition of X-ray diffraction with the Chemistry and Mineralogy (CheMin) instrument on the 

MSL payload provides the first comprehensive assessment of rocks and soils using X-ray 

crystallography to determine mineral phases, abundances, and chemistry. 

Since landing, the chemical composition of Gale crater rocks and soils has been analyzed 

by the Alpha Particle X-ray Spectrometer (APXS) [Gellert et al., 2015; Thompson et al., 2016] 

the ChemCam Laser-Induced Breakdown Spectrometer (LIBS) [Maurice et al., 2012], and the 

Sample Analysis at Mars (SAM) instrument suite [Mahaffy et al., 2012]. The legacy of APXS 

instruments on multiple Mars rover payloads (Pathfinder, Spirit, Opportunity, and Curiosity) 

provides direct comparisons of the geochemistry of soils across the martian surface [O’Connell-

Cooper et al., this issue].  

CheMin’s analysis of Rocknest allowed for the first direct quantitative mineralogical 

comparison of martian soils with the estimated modal mineralogies provided by the Spirit and 

Opportunity rovers. As a result of the striking similarity between the measured and estimated 
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mineralogies, Rocknest is considered to be typical of martian soils [Bish et al., 2013; Blake et al., 

2013]. In this paper, we present the mineralogy and chemical composition of the Gobabeb <150 

µm size fraction as measured by CheMin. Similarities and differences between Gobabeb, 

Rocknest, and other modern soils measured by Spirit and Opportunity [Yen et al., 2005; Ming et 

al., 2008; Blake et al., 2013], as well as an ancient eolian bedform sampled by Curiosity [Yen et 

al., 2017] will be discussed. 

 

2 Methods 

To meet the Bagnold Dune Campaign objectives, a sampling plan was implemented at 

the Gobabeb site. The area from which three samples were collected is characterized by small 

ripples, interpreted as wind impact ripples (Fig. 2) [Lapotre et al., 2016]. Because grain sorting 

processes concentrate the coarser fraction of sand at the ripple crests, target scoop locations were 

planned to capture material adjacent to these ripple crests. This strategy ensured the capture of a 

representative sample of dune sand. Scoop 1 was sieved to <150 µm and >150 µm size fractions 

and a portion of the <150 µm sample was delivered to CheMin and SAM (Sample Analysis at 

Mars). Scoop 2 was sieved to 150 µm to 1 mm and >1 mm fractions and a portion of the >150 

µm to 1 mm fraction was delivered to SAM. Lastly, a sample from scoop 3 was intended for a 

second delivery to SAM; however, this activity was not completed. The four sieved fractions 

were deposited in separate piles for imaging and chemical analyses (Fig. 2). 

Grain size distribution analyses were determined from Mars Hand Lens Imager (MAHLI) 

images of the four sieved fractions. Results from these analyses are described in Cousin et al. 

[this issue] and Ehlmann et al. [this issue]. Based on the material collected from scoops 1 and 2, 

the bulk Gobabeb deposit is composed of grains ~50 µm to 500 µm. Grains from the CheMin-



39 
 

measured <150 µm fraction range from ~45 µm to ~220 µm with an average size of 103 µm and 

142 µm (when measured on the intermediate and long axis, respectively) [Cousin et al., this 

issue; Ehlmann et al., this issue]. 

The mineralogy and chemical composition of the Gobabeb sediment was characterized 

by the CheMin, SAM, ChemCam, and APXS instruments. Each scoop sample was processed by 

the Sample Acquisition Sample Processing and Handling (SA/SPaH) and the Collection and 

Handling for In situ Martian Rock Analysis (CHIMRA) systems to generate sieved fractions  

[Anderson et al., 2012]. A portion of the <150 µm fraction from Scoop 1 was delivered to 

CheMin. The CheMin instrument returns both X-ray diffraction (XRD) patterns and X-ray 

fluorescence (XRF) spectra of the samples it analyzes. However, CheMin’s transmission 

geometry limits the usefulness of the XRF data due to sample self-absorption of X-ray photons 

below ~3 keV (Z<19). A proxy measurement of bulk composition for the material analyzed by 

CheMin can be obtained from APXS data. For this reason, this study will make comparison 

principally from APXS analyses; LIBS measurements acquired at a finer spatial scale are 

presented in Cousin et al. [this issue]. 

APXS analyzed the bulk Gobabeb sand and the four size fractions described above  

[Ehlmann et al., this issue; O’Connell-Cooper et al., this issue]. Results presented here will 

utilize APXS elemental analyses of the <150 µm fraction because this best represents the sample 

analyzed by CheMin.  

 

2.1 APXS Geochemical Analyses 
 

APXS provides the chemical compositions of rocks and soils by X-ray fluorescence 

spectroscopy using a 244Cm radioactive source to irradiate the samples and a silicon diode 
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detector to detect fluoresced X-rays. The MSL APXS instrument can detect and quantify the 

elements Na to Br (with characteristic X-ray energies between ~0.7 and ~25 keV [Thompson et 

al., 2016]. The initial Gobabeb APXS analysis was made of soil disturbed by the rover wheel, 

and is considered to represent the bulk dune composition. Following delivery of a portion of the 

<150 µm fraction to CheMin, the remaining sieved material was dumped for analysis by APXS; 

these APXS data are considered to be the representative bulk composition of the CheMin 

analyzed sample. The chemistry of the other three fractions analyzed by APXS are presented in 

O’Connell-Cooper [this issue]. 

 

2.2 CheMin X-ray Diffraction and X-ray Fluorescence Measurements 
 

The CheMin XRD/XRF instrument produces diffraction patterns of soils or powders 

from drilled rock samples [Blake et al., 2012]. Soils and powders are sieved to <150 µm and a 

portion is delivered to one of the instrument’s 27 reusable sample cells. Positioned in pairs at the 

ends of tuning forks, the cells hold sample material between two polymer (Mylar or Kapton) 

windows. A piezoelectric actuator drives the tuning fork at resonance and the resulting vibration 

causes a convective flow of sample material, randomizing grain orientations and minimizing 

orientation effects. The instrument utilizes transmission geometry with a Co X-ray source (λ = 

1.7902758 Å) collimated to a 70 µm diameter X-ray beam. An X-ray sensitive charge-coupled 

device (CCD) collects two-dimensional (2D) XRD images over 10 to 30 hours of analysis. The 

CCD detector is operated in single-photon counting mode and can be used to measure the 

amount of charge generated by each photon (and hence its energy). Diffracted CoKα X-ray 

photons are identified by their energy and are summed to yield a 2D energy-discriminated CoKα 
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diffraction pattern (Fig. 5). All detected photons are summed into a histogram that represents an 

XRF spectrum of the sample. 

During CheMin’s initial analysis of Rocknest, the team found that sample material was 

ejected from the cell at even the lowest direct vibration intensity. As a result, the CheMin team 

employs indirect cell vibration for soil samples by activating the piezo driver in an adjacent cell 

pair to the one being analyzed. This gentler vibration method (also called “kumbayatic mode” 

[Downs and Team, 2015]) was the method utilized for the majority of Rocknest and Gobabeb 

analyses. A previously used but empty Mylar sample cell, 7A, was chosen for the Gobabeb 

sample. This cell had been used for a sample of the Rocknest sand (scoop 5) from sols 94-151. 

After that cell was emptied on sol 151, a post-dump, empty-cell analysis showed no significant 

residue from Rocknest. Thirty hours of data were collected from the Gobabeb sample using 

indirect vibration on sols 1236, 1240, 1245, and 1256. 

The 2D XRD images are converted to 1D diffraction patterns (Fig. 5) for analysis using a 

modification of the open-source GSE_ADA software [Dera et al., 2013]. Initial calibration of the 

pattern is made with reference to a beryl-quartz standard contained in one of the cells on the 

CheMin sample wheel. Tolerance variations in the machining of the sample cell assemblies 

cause individual cells to be offset from their ideal diffraction position by up to +/- 80 µm relative 

to an ideal sample cell-to-CCD distance of 18.5302 mm. To counter this positioning offset and 

the resulting shift in 2-theta peak positions, an internal calibration method was developed based 

on the refined cell parameters of plagioclase (present as a major phase in all but one of the 

samples measured by CheMin) [Morrison et al., in review]. The sample cell offset calibration 

method was developed after the Rocknest data were published [Bish et al., 2013; Blake et al., 
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2013]. Newly revised mineral abundances and crystal chemistry for Rocknest data in addition to 

the data for Gobabeb are presented here. 

Rietveld refinements of the calibrated patterns are used to calculate mineral abundances 

and unit-cell parameters of the major crystalline phases. Individual mineral chemistries are 

determined from refined unit cell parameters by comparison to relationships between unit cell 

parameters and compositions of published mineral data [Lafuente et al., 2015; Morrison et al., in 

review]. The abundance of the amorphous component was estimated from FULLPAT models of 

the diffraction pattern using natural and synthetic X-ray amorphous phases as standards  

[Chipera and Bish, 2013]. The chemical composition of the amorphous component was 

estimated from mass-balance calculations using the APXS-determined bulk composition of the 

<150 µm sieved fraction and the quantity and composition of the crystalline components 

determined from Rietveld refinement [Morris et al., 2016; Morrison et al., in review]. 

We performed a second analysis of the Gobabeb sample using the more rigorous direct 

cell vibration. Significant sample loss occurred during the analysis, indicated by dramatic 

changes in diffraction intensities with a commensurate increase in diffraction intensity from the 

Mylar cell window, and resulted in a measurement that was no longer representative of the bulk 

<150 µm sample fraction. Pre-launch laboratory tests of sample vibration in CheMin cells 

showed that coarser-grained materials couple more strongly to cell vibration than fine-grained 

materials and as a result are more readily ejected from the cell. By quantifying changes in phase 

abundance relative to the increase in Mylar we can estimate the relative grain size of phases 

identified in the Gobabeb diffraction patterns.  

A distinct analysis approach was used to determine the relative abundances of Mylar, the 

crystalline fraction, and the X-ray amorphous component in the indirect and direct vibration 



43 
 

patterns. The diffraction pattern of the empty 7A Mylar cell, acquired on sol 90, was 

incorporated as a unique phase in the Rietveld model. The scale factor of the Mylar diffraction 

pattern was refined along with the parameters from the crystalline phases. A reference intensity 

ratio was assigned to the Mylar pattern to convert the modeled intensity to an estimated 

abundance. Amorphous phases were modeled as broad humps. The total amorphous contribution 

was determined by dividing the integrated intensity of the amorphous humps by the integrated 

intensity of whole Rietveld model (i.e. crystalline + amorphous + Mylar). Results obtained from 

these Mylar-based refinement models are reported for the following reasons: 1) these trends 

allow us to estimate relative mineral grain sizes, and 2) the direct vibration data increased the 

relative abundance of some minor phases and thus validated their presence in the Gobabeb eolian 

sample. 

 

3 Results 

3.1 Gobabeb Crystalline Component 
 

Gobabeb is dominated by basaltic minerals and X-ray amorphous phases. Plagioclase 

(36.5 wt%), Fo56 olivine (25.8 wt%), and two types of Ca-Mg-Fe pyroxene (32.6 wt%) 

comprise most of the mass of the crystalline phases; minor minerals include magnetite (2.1 

wt%), quartz (1.3 wt%), hematite (0.9 wt%), and anhydrite (0.8 wt%) (Table 1). The mineral 

chemistry of major phases is estimated from refined unit-cell parameters of the indirectly 

vibrated sample (Tables 2 and 3) [Morrison et al., in review]. The average compositions 

calculated for plagioclase and olivine are (Ca0.63(5)Na0.37)(Al1.63Si2.37)O8 and 

(Mg1.11(6)Fe0.89)Si2O6, respectively. Two pyroxene phases were identified: augite, a high-Ca, 

monoclinic phase with composition (Mg1.03(15)Ca0.81(11)Fe0.16(19))Si2O6, and pigeonite, a low-Ca, 
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monoclinic phase with composition (Mg1.03(23)Fe0.79(25)Ca0.18(11))Si2O6. The diffraction peaks 

defining augite and pigeonite overlap in several regions, making it difficult to model the 

abundance and unit-cell parameters accurately for the individual pyroxene phases. As a result, 

estimated abundance and mineral chemistry are less certain for these phases than for plagioclase 

and olivine. 

 

3.2 Gobabeb Amorphous Component 
 

Mass balance calculations derived from APXS chemical data and CheMin mineral 

abundances and crystal chemistry provide an estimate of the composition of the X-ray 

amorphous component in Gobabeb. FULLPAT modeling of the diffraction data suggest that 

~35(15) wt% of the Gobabeb sample is amorphous material, which is modeled as a mixture of 

basaltic and rhyolitic glasses. The calculated composition of the amorphous material (Table 4) is 

based on a minimum of ~42 wt% amorphous phases. This lower limit is constrained by the fact 

that when the combined crystalline and amorphous compositions are compared to the APXS 

chemistry, the least abundant oxide, in this case MgO, must be greater than or equal to zero in 

the calculated amorphous component. Given a ~42 wt% amorphous minimum, the major 

constituents of the calculated amorphous component include ~50 wt% SiO2, ~20 wt% FeOT 

(Fe2+ plus Fe3+), ~8 wt% Al2O3, and ~7 wt% SO3. 

 

3.3 Indirect vs. Direct Vibration of the Gobabeb Sample 
 

Indirect and direct cell vibrations produced distinctly different diffraction patterns. Most 

evident are considerable variations in peak intensities that can be ascribed to changes in mineral 

abundances and an increase in the diffraction contribution from the Mylar cell window (Fig. 6). 
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For both the indirect and direct patterns, the relative abundance of each crystalline phase, along 

with estimates of the amorphous component and the Mylar contribution were determined using 

the distinct, Mylar-based refinement model (see section 2.2) and are shown in Table 5. It is 

important to note that although the relative proportion of crystalline phases determined from the 

Mylar-based model are within 1σ of the phase abundances reported in Table 1 (2σ for pigeonite, 

hematite, and quartz), the values in Table 5 are reported strictly to illustrate the relative changes 

between the indirect and direct patterns. 

Coarse- and fine-grained materials respond differently to vibrations in the CheMin 

sample cell, as described earlier. Based on vibration experiments, we assume that the material 

remaining in the Gobabeb cell during the direct vibration analysis contains a higher abundance of 

fine-grained material, because a signification portion of the sample, likely the coarser fraction, 

was lost from the cell. We observe clear decreases in olivine and augite, and increases in 

hematite, anhydrite, and the amorphous component (Table 5). Comparing the two diffraction 

datasets, we calculated direct:indirect phase abundance ratios in order to explore the statistical 

significance the observed abundance differences. Each phase’s direct:indirect ratio was 

normalized to the Mylar direct:indirect ratio. Mylar is regarded as the constant phase between 

analyses as the volume of Mylar exposed to the X-ray beam is the same in each measurement.  

The ratios show that there is a clear decrease in augite, olivine, pigeonite, and plagioclase 

abundances and an increase in hematite and anhydrite (Fig. 7). The amorphous component 

decreased relative to Mylar, although the significance cannot be determined because errors for 

the amorphous abundance are undefined in the Mylar-based refinement model. Thus, augite, 

olivine, pigeonite, and plagioclase represent the larger grains while hematite and anhydrite are 

smaller. Compositional trends in the APXS-analyzed size fractions also show enrichment in 
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olivine and pyroxene in the coarse fraction [Ehlmann et al., this issue], consistent with the trend 

observed in figure 7. All these minerals, except the softer anhydrite, have similar hardness (5.5-

7.0 on the Mohs scale) so it is likely that they would wear at similar rates during dune 

movements. The Gobabeb indirect and direct vibration experiments clearly show that grain 

motion directly influences the absolute accuracy of reported mineral abundances.  

 

3.4 Rocknest Mineralogy 
 

The revised Rocknest mineralogy shows significant improvement in major phase 

chemistries calculated from measured unit cell parameters. Mineral abundances and crystal 

chemistry derived from the newly calibrated Rocknest diffraction pattern are shown in Tables 1, 

2, and 3. Rietveld refinements of the pattern produced major mineral abundances consistent with 

those originally published in Bish et al. [2013] and Blake et al. [2013], with the exception of K-

feldspar which was not identified in the newly calibrated pattern. Phase compositions derived 

from refined cell parameter measurements are significantly different from those originally 

published. The cell offset correction improved the accuracies of refined unit cell parameters and, 

in turn, the derived mineral compositions. These improvements are most evident in the 

calculated plagioclase chemistry which shows a 3-fold error reduction. The plagioclase 

composition is estimated to be (Ca0.50(4)Na0.50)(Al1.50Si2.50)O8 and the olivine composition is 

(Mg1.15(5)Fe0.85)SiO4. Augite and pigeonite compositions are estimated as 

(Mg1.01(15)Ca0.80(11)Fe0.19(19))Si2O6 and (Mg1.02(16)Fe0.88(18)Ca0.10(9))Si2O6, respectively. We consider 

the values reported here to be more accurate than those reported in Bish et al. [2013] and Blake 

et al. [2013]. 
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4 Discussion 

4.1 Gobabeb Mineralogy 
 

Curiosity’s analysis of material from the Bagnold Dune Field presents a rare opportunity 

to provide mineralogical ground truth for orbital observations. Surface and ground-based 

mineralogies are especially comparable in the Bagnold Dune Field due to negligible amounts of 

fine-grained dust cover that typically dominates the orbital signature of much of the martian 

surface but is diminished in the dunes due to active sediment transport. The low dust content at 

Gobabeb is supported by APXS analyses of these sands showing low concentrations of S, Cl, 

and Zn, elements associated with martian dust [O’Connell-Cooper et al., this issue]. Using 

deconvolution models of thermal emission spectra collected by the Thermal Emission 

Spectrometer (TES) on Mars Global Surveyor, Rogers and Bandfield [2009] calculated volume 

abundances for Bagnold dune phases. They determined that the dune field contained 20(5)% 

feldspar, 30(9)% pyroxene, 15(4)% olivine, 19(5)% high-silica phases (including possible silica 

glass, opal, zeolite, and phyllosilicate), 12(2)% sulfate and 4% other phases. CheMin-estimated 

crystalline plus amorphous abundances (Table 1) and the TES-derived phase distributions show 

that feldspar (20% TES, 24 wt% CheMin) and olivine (15% TES, ~17 wt% CheMin) are 

consistent with one another but lower amounts of pyroxene (30% TES, ~21 wt% CheMin) are 

observed in the CheMin mineralogy. Furthermore, the CheMin-derived composition of the 

olivine, Fo56(3), is nearly identical to that calculated from TES analyses (Fo55(5), [Lane and 

Christensen, 2013]). These TES data represent a bulk sand analysis, whereas CheMin data reflect 

the <150 µm sand fraction acquired at a single sample site. Normative mineralogy calculations 

derived from APXS analyses of the bulk sand and the <150 µm fraction yield estimated mineral 

abundances within error of one another (Tables 6 and 7). These normative data validate CheMin 
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and TES mineralogy comparisons, even though the CheMin analyzed sample was a subset of the 

TES-measured bulk eolian deposit. 

CheMin data also provide definitive mineralogical ground truth for VNIR spectra from 

the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) instrument on Mars 

Reconnaissance Orbiter. CRISM spectra of other barchan dunes in Gale crater, similar to the 

Namib dune from which Gobabeb was sampled, imply that the sands contain significant amounts 

of both the more abundant olivine and the less abundant high-Ca pyroxene [Seelos et al., 2014], 

consistent with the CheMin results which show ~26 wt% olivine and 22 wt% augite in the 

crystalline fraction. A targeted study by Lapotre et al. [this issue] quantitatively estimated the 

abundances of olivine, plagioclase, pyroxene, magnetite, and volcanic glass at the Namib dune 

based on radiative transfer theory modeling of CRISM data. Their predicted 95% confidence 

intervals on phase abundances contain the CheMin-determined mineralogy from Gobabeb 

[Lapotre et al., this issue].  

CRISM studies of the Bagnold Dune Field are important for revealing mineralogical 

trends that may indicate potential parent rocks. Regional CRISM studies of Gale and surrounding 

craters show that olivine-bearing units, some with high-Ca pyroxene, are present throughout the 

region and most notably in the upper wall rocks of Gale crater’s rim; these could be source 

materials for the Bagnold Dune sediments [Ehlmann and Buz, 2015]. The compositions of 

Gobabeb’s major minerals add further constraints to the origins of the sediment. Figure 8 shows 

the CheMin-derived chemical compositions of pyroxenes (augite and pigeonite) and olivine in 

the Gobabeb and Rocknest samples on a standard ‘pyroxene quadrilateral’ diagram. The olivine 

and pigeonite in Gobabeb have similar molar values while the augite has distinctly higher 

Mg/(Mg+Fe) than either olivine or pigeonite. This difference suggests several possible formation 
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scenarios. First it is possible that the olivine and pigeonite came from the same source rock, 

while the augite came from a different rock [Lindsley, 1983]. For example, the olivine and 

pigeonite could have come from one basaltic source (e.g., material with a compositions similar to 

a basaltic or lherzolitic shergottite meteorite [McSween and Treiman, 1998]), while the augite 

could have come from a different basaltic source (e.g., like the nakhlite or NWA 8159 meteorites 

[Treiman, 2005; Agee et al., 2014]). 

A second interpretation is that the olivine and pyroxene could represent chemically zoned 

minerals from a single igneous rock. For example, a basaltic rock that first crystallized abundant 

magnesian augite and later crystallized ferroan pigeonite and olivine without augite, could yield 

average mineral compositions like those of Gobabeb (Fig. 8). No known martian meteorite 

basalts have crystallization sequences like this (augite crystallizing early but not later) [McSween 

and Treiman, 1998; Treiman, 2005; Agee et al., 2014; Udry et al., 2014; Santos et al., 2015], but 

the meteorite collection certainly does not include every possible martian basaltic rock. Such 

mineral chemical zoning or variation could be apparent in X-ray diffraction patterns as 

broadened diffraction peaks. However, CheMin’s relatively low resolution, ~0.3° 2θ, makes it 

difficult to determine whether the augite diffraction peaks for Gobabeb are broadened.  

Another possibility is that the pyroxenes and olivines could represent a magma similar to 

those that formed the nakhlite martian meteorites [Treiman et al., 2005] that had partially 

equilibrated on cooling. Such a magma would first crystallize magnesian augite and olivine, and 

produce ferroan, low-Ca pyroxene only toward the end of crystallization. If this end-stage 

crystallization were relatively slow, the olivine could have equilibrated with the late magma, 

yielding olivine with the same low Mg/(Mg+Fe) as the low-Ca pyroxene. Such a pattern is like 
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that of the Lafayette nakhlite meteorite [Treiman et al., 2005], although the minerals in Lafayette 

itself are overall more ferroan than those in Gobabeb and Rocknest. 

In addition to the crystalline phases, the Gobabeb eolian sample contains a calculated ~42 

wt% minimum abundance of amorphous materials based on APXS constraints. The identity of 

specific amorphous phases cannot be determined from the diffraction pattern alone, because 

many different X-ray amorphous materials produce similar broad scattering profiles (e.g., 

[Morris et al., 2015]). However, the chemical composition of the amorphous component can 

suggest the nature of its potential constituents. The calculated amorphous composition in Table 4 

shows that nearly 90 wt% is comprised of SiO2, FeOT, Al2O3, SO3, and Na2O. It is important to 

note that the calculated amorphous composition is MgO deficient. This does not necessarily 

mean Mg is absent from the amorphous component; if amorphous Mg-bearing phases are indeed 

present, the amorphous fraction would have to exceed the minimum calculated value of ~42 

wt%. Given this constraint, the amount of SiO2, ~50 wt%, cannot be modeled with a single 

basaltic phase (i.e. basaltic glass). Instead, a combination of phases is proposed. Maskelynite, 

allophane, and amorphous silica (e.g., opal-A, opal-CT) are all geochemically viable phases that 

provide high silica content; all of these are not only SiO2-rich but also low in Mg. CheMin 

analyses of the nearby Murray formation detected opal-CT which may indicate local 

contributions to the Gobabeb sediment [Rampe et al., 2017]. The detection of high 

concentrations of tridymite in one Murray mudstone provides evidence for silicic volcanism and 

suggests a source close to Gale crater, possibly the crater rim where studies have provided 

evidence for evolved igneous lithologies that could act as a contributing source to the Bagnold 

sands [Sautter et al. 2015; Morris et al. 2016].  



51 
 

The remaining amorphous component is comprised mainly of FeOT, Al2O3, SO3 and 

Na2O. A majority of the amorphous FeOT is likely attributed to nanophase iron oxides, which are 

common components in martian dust and soils [Morris et al., 2006; Ming et al., 2008]. Al2O3 

and SO3 each comprise ~7 wt% of the amorphous component. Maskelynite, allophane, and/or 

amorphous Al-sulfates are possible Al-bearing phases. The low dust component in the Gobabeb 

dune implies that the SO3 is likely not attributed entirely to dust and indicates the probable 

presence of amorphous sulfates. Additional phases have been suggested based on results from 

the Evolved Gas Analyzer (EGA) of the Sample Analysis at Mars (SAM) instrument. EGA data 

suggest the presence of carbonate, Mg-sulfate phases, and chlorate and/or perchlorate species 

[Sutter et al., in review]. If present, these phases are either amorphous or, if crystalline, below 

the CheMin detection limit (~1 wt%; [Blake et al., 2012]) and, consequently, are included in the 

amorphous component of the chemical composition calculation. 

 

4.2 Rocknest Comparison 
 

Mineralogical comparisons of Rocknest and Gobabeb are important for predicting 

whether the sediments originate from the same parent material and how eolian activity affects 

mineral distributions. The Rocknest and Gobabeb diffraction patterns show remarkable 

similarities in peak positions and relative intensities (Fig. 9). Overall intensity variations between 

the two patterns are likely due to grain motion effects, with Rocknest exhibiting higher 

intensities due to more homogenous grain movement compared to Gobabeb. The fine-grained 

materials in Rocknest coat larger grains (Fig. 4b) and likely cause the sample to move cohesively 

in the cell. Like Gobabeb, over 90% of the crystalline material in Rocknest is comprised of 

plagioclase, olivine, and pyroxene, with minor phases that include magnetite, anhydrite, 
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hematite, and quartz, as initially reported in Bish et al. [2013]. The inferred compositions of 

mafic minerals in Rocknest and Gobabeb are strikingly similar (Table 3). Olivine, augite, and 

pigeonite share nearly identical chemical compositions in the respective samples; as with the 

Gobabeb pyroxenes, the augite and pigeonite in Rocknest are not in equilibrium with one 

another, as evidenced by olivine and pigeonite having similar molar Mg/(Mg+Fe), while the 

augite is significantly more magnesian (Fig. 8). The Gobabeb plagioclase is distinctly more 

calcic than that in Rocknest (An63(5) vs. An50(4), respectively). Even though the olivine and 

pyroxene chemistries are similar, one explanation for the plagioclase variation is that Rocknest 

and Gobabeb represents two distinct primary mineral suites, each derived from different parent 

basalts.  

Chemical differences between Gobabeb and Rocknest highlight the different eolian 

environments of these sands. The present-day inactivity of the Rocknest sand shadow allowed 

significant proportions of wind-blown dust to accumulate, as indicated by higher SO3 content of 

the bulk sand (5.47 wt% in Rocknest vs. 2.82 wt% in bulk Gobabeb, Table 6). Additionally, the 

increased FeOT abundance in the Rocknest amorphous component (23.27 wt% vs. 19.82 wt% in 

Gobabeb, Table 8) reflects a higher proportion of nanophase iron oxide (npOx) phases compared 

to the more active Gobabeb deposit. In the calculated amorphous component, Gobabeb has ~20 

wt% more SiO2 than Rocknest, a substantial difference that is not well understood (Table 8). 

However, nearby mudstones from the Murray formation and alteration zones in the Stimson 

formation contain significant amounts of amorphous silica, and could be a local source of SiO2 in 

Gobabeb [Morris et al., 2016; Rampe et al., 2017; Yen et al., 2017]. 

 

4.3 Gale, Meridiani, and Gusev Eolian Deposits 
 



53 
 

Definitive mineralogy and phase chemistry of sediments in Gale crater have added new 

and unique data for assessing young and ancient eolian deposits in Gale and characterizing 

potential sediment sources for unconsolidated materials across Mars. Within Gale crater, 

Curiosity investigated the Stimson formation, described as ancient, lithified eolian dunes  

[Banham et al., 2016]. This formation, adjacent to the Bagnold Dunes, is a cross-bedded 

sandstone unit that includes significant alteration zones. Mineralogical comparisons between the 

ancient, unaltered Stimson targets Big Sky and Okoruso and young, Rocknest and Gobabeb 

eolian samples show comparable plagioclase and pyroxene abundances; olivine is not identified 

in Big Sky and is present at ~2 wt% in Okoruso, a depletion attributed to olivine transformation 

to magnetite and hematite during diagenesis [Yen et al., 2017]. APXS analyses of Big Sky and 

Okoruso show chemical compositions similar to present-day unconsolidated materials in Gale, 

Meridiani, and Gusev, indicating a common crustal composition between ancient and young 

basaltic sediments [Yen et al., 2017]. 

Mineralogical and geochemical comparisons between modern and ancient eolian 

materials (for example, comparison of Rocknest and Gobabeb soils to the Stimson eolian 

sandstone) provide a powerful means to relate modern and ancient eolian activity, sediment 

provenance, and diagenetic modification. Prior to CheMin and MSL, the combination of APXS 

and Mössbauer spectroscopy on the MERs led to a classification of rocks and soils based 

primarily on the distribution of Fe among Fe-bearing phases and elemental enrichments and/or 

depletions compared to an average rock class [Ming et al., 2008]. These data provided estimates 

of the abundance and chemistry of Fe-bearing phases, but relied on normative calculations to 

evaluate the collective mineralogy of both Fe and non-Fe bearing materials. Curiosity’s 

combination of APXS and CheMin offers a uniquely synergistic dataset, allowing a more 
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thorough interpretation of Rocknest, Gobabeb, and Stimson eolian materials, as well as a 

renewed interpretation of datasets obtained in earlier missions. CheMin data provides definitive 

detections of all crystalline phases present at ≥ ~1 wt%, and when combined with APXS data 

provide estimates of the composition of both crystalline and amorphous components. 

APXS analyses of basaltic soils in Gale, Meridiani, and Gusev have similar chemical 

compositions (Table 9). Meridiani and Gusev averages are within 1σ of each other and the 

average from Gale is within 2σ of those from MER average soils. The olivine mineralogy for 

young Gale sediments (Fo58(1) for Rocknest, Fo56(3) for Gobabeb) are nearly equivalent, are 

similar to the Gusev olivine composition (Fo60) modeled from Mössbauer data, and fall within 

the range of olivine in Shergottite meteorites (Fo53 to Fo76) [Morris et al., 2004; Bridges and 

Warren, 2006]. In addition to Fe-bearing phases identified in Mössbauer-analyzed soils, non-Fe 

bearing minerals were proposed based on models of thermal emission spectra acquired by the 

MER’s Miniature Thermal Emission Spectrometer (Mini-TES). Mini-TES soil analyses from 

Opportunity’s first 350 sols were analyzed to produce a dust-free, basaltic sand end-member 

representative of the average basaltic sand spectrum observed at Meridiani Planum [Glotch and 

Bandfield, 2006]. In a study by Rogers and Aharonson [2008], the endmember spectrum was 

modeled to derive mineralogical abundances representative of the Meridiani basaltic sands. 

Results from various phase combinations show that these basaltic sands are composed of ~10-

15% olivine, pyroxene abundances nearly twice that of olivine, ~10% sulfate, and ~10-20% 

amorphous silica phases (reported as volume %) [Rogers and Aharonson, 2008]. Models also 

determined that pigeonite or an iron-rich pyroxene must be present with orthopyroxene and/or a 

high-Ca pyroxene to match the Feolv to Fepyx ratio in Meridiani low-sulfur soils [Morris et al. 

2006b; Rogers and Aharonson, 2008]. Phase abundances averaged from the 5 closest fitting 
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spectral models show similar feldspar and olivine abundances but higher abundances of 

pyroxene and sulfur compared Gobabeb. Feldspar and olivine average ~24 vol% (~21 wt%) and 

~14 vol% (~18 wt%) for the Meridiani endmember basaltic sand, similar to Gobabeb with ~24 

wt% feldspar and 18 wt% olivine. Pyroxene abundances at Gobabeb are not twice that of olivine 

as observed at Meridiani but given the high-olivine nature of the Namib dune, one-to-one 

mineralogical comparisons of low-dust MER soils and Gobabeb may be strongly affected by 

mineralogical sorting observed in the Bagnold Dune Field. 

Of the low-dust soils analyzed by the MERs, Spirit’s investigation of the El Dorado 

ripple field in Gusev crater shares many similarities to the sediments observed in the Bagnold 

dunes and is an excellent comparative sample to Gobabeb. In situ spectral measurements of El 

Dorado revealed two fractions, a coarse-grained top layer with a spectral pattern consistent with 

> 60 µm olivine, and a finer-grained fraction with a higher abundance of low-Ca pyroxene than 

observed in the coarse sand [Sullivan et al., 2008]. Multispectral imaging and chemical data of 

Gobabeb size fractions show a similar trend, with more olivine in the coarse fraction (>150 µm) 

compared to the finer (<150 µm) fraction [Ehlmann et al., this issue; Johnson et al., this issue]. 

Inferences as to the source of El Dorado sediments were based on geochemical trends from 

APXS analyses of the disturbed El Dorado sediment. Data showed enrichments in Mg, K, and Ni 

and depletions in Fe, Mn, Ca, Cr, and Zn compared to the primitive, olivine-bearing Adirondack 

class basalts nearby in Gusev crater [Arvidson et al., 2006; Ming et al., 2008]. These differences 

suggest at least three sources for the El Dorado ripple field: 1) local Algonquin Class materials 

(mafic to ultramafic rocks rich in olivine), 2) Adirondack olivine-rich basalts from the Gusev 

plains, and 3) additional materials, such as air fall dust, from unidentified locations [Ming et al., 

2008]. The Gobabeb mineralogy also points multiple sediment sources due to disequilibrium 
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among olivine, augite, and pigeonite compositions. Mössbauer analyses of the undisturbed El 

Dorado soil show an Feol to Fepyx ratio of ~1.5, higher than average Gusev low-dust soils (~1.1), 

but significantly lower than Gobabeb (~2.4). The ratios likely reflect the increased olivine 

abundance observed at the Gobabeb site and may change in areas where pyroxene is more 

abundant. 

Overall, analyses of Gale soils reveal similar crystalline phase abundances for the 

Rocknest and Gobabeb sediments in addition to nearly identical major mineral chemistries, 

excluding plagioclase. These eolian samples, along with the ancient Stimson and MER eolian 

deposits, reveal similar compositions among sediments widely distributed in space and time. 

 

5 Conclusions 

Gobabeb is dominated by basaltic minerals (~58 wt%) and X-ray amorphous phases (~42 

wt%). Plagioclase (~37 wt%), olivine (~26 wt%), and two Ca-Mg-Fe pyroxenes (~33 wt% total) 

account for most of the mass of the crystalline component. Minor phases include magnetite, 

quartz, hematite, and anhydrite. Cell vibration experiments show that the major phases (i.e. 

olivine, pyroxene, and plagioclase) are also the largest in grain size. The smallest grains are 

hematite and anhydrite. The calculated composition of the X-ray amorphous component suggests 

several phases comprise the amorphous material. Dominated by SiO2 (~50 wt%), FeOT (~20 

wt%), Al2O3 (~8 wt%) and SO3 (~7 wt%), proposed phases include maskelynite, amorphous 

silica, nanophase iron oxides, and sulfates. Basaltic soils in Gale, Meridiani, and Gusev have 

similar chemical compositions and modeled mineralogies at the MER sites show similar phase 

abundances. CheMin’s mineralogical analysis of the Gobabeb dataset provides an opportunity to 

ground-truth orbital observations. The predicted mineralogy of the Bagnold Dune Field based on 
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VNIR and MIR orbital spectral measurements shows high fidelity to in situ CheMin 

mineralogical analyses. This unique ground truth comparison can be used to validate and 

improve upon spectral models of crystalline phases and the calculated amorphous composition 

can provide information about amorphous materials which may be ambiguous or poorly 

constrained in orbital measurements. 
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Tables 

Table A1. Gobabeb and Rocknest Mineral Abundances  
Gobabeb and Rocknest Mineral Abundances from Rietveld Refinement and FULLPAT Analyses 
of CheMin XRD Data 

aAbundances in wt %; uncertainties reported as 1σ 
*At or below the detection limit 
** FULLPAT analysis; APXS-constrained value is ~42% 
 
 
 
Table A2. Unit-Cell Parameters for Major Gobabeb and Rocknest Minerals 
Unit-Cell Parameters for Major Gobabeb and Rocknest Minerals from Rietveld Refinements of 
CheMin XRD Dataa 

 a (Å) b (Å) c (Å) α (°) β (°) γ (°) V (Å3) 

    Gobabeb    
Plagioclase 8.181(7) 12.868(7) 7.107(6) 93.49(5) 116.19(4) 90.06(3) 669.8(8) 
Olivine 4.785(3) 10.327(3) 6.033(4) 90 90 90 298.1(3) 
Augite 9.785(15) 8.922(13) 5.276(13) 90 106.45(9) 90 441.8(14) 
Pigeonite 9.675(22) 8.941(27) 5.254(29) 90 108.69(14) 90 430.6(25) 

    Rocknest    
Plagioclase 8.168(6) 12.863(6) 7.108(4) 93.46(5) 116.22(3) 90.12(3) 668.4(5) 
Olivine 4.785(3) 10.318(4) 6.025(3) 90 90 90 297.5(2) 
Augite 9.767(22) 8.924(13) 5.263(11) 90 106.47(21) 90 440.0(15) 
Pigeonite 9.651(15) 8.942(18) 5.235(21) 90 108.35(8) 90 428.9(22) 

aUncertainties reported as 1σ 
 
  

 Gobabeb  Rocknest 
 Crystalline Crystalline+Amorphous  Crystalline Crystalline+Amorphous 
Plagioclase 36.5(8) 23.7(5)  40.7(5) 26.3(3) 
Olivine 25.8(4) 16.8(2)  20.5(4) 13.3(3) 
Augite 22.0(4) 14.3(3)  18.1(13) 11.7(8) 
Pigeonite 10.6(4) 6.9(3)  12.3(12) 8.0(7) 
Magnetite 2.1(2) 1.4(1)  2.8(5) 1.8(3) 
Anhydrite 1.3(1)* 0.8(1)  1.4(3)* 0.9(2) 
Hematite 0.9(1)* 0.6(1)  1.6(1)* 1.0(1) 
Quartz 0.8(1)* 0.5(1)  1.3(3)* 0.8(2) 
Ilmenite -- --  1.3(5)* 0.9(3) 
Amorphous -- 35(15)**  -- 35(15) 



63 
 

Table A3. Chemical Compositions of Major Gobabeb and Rocknest Minerals  
Chemical Compositions of Major Gobabeb and Rocknest Minerals Determined from Crystal 
Chemical Analysis of Refined Unit-Cell Parametersa 

 Gobabeb 
Plagioclase (Ca0.63(5)Na0.37)(Al1.63Si2.37)O8 
Olivine (Mg1.11(6)Fe0.89)Si2O6 
Augite (Mg1.03(15)Ca0.81(11)Fe0.16(19))Si2O6 
Pigeonite (Mg1.03(23)Fe0.79(25)Ca0.18(11))Si2O6 

 Revised Rocknest 
Plagioclase (Ca0.50(4)Na0.50)(Al1.50Si2.50)O8 
Olivine (Mg1.15(5)Fe0.85)SiO4 
Augite (Mg1.01(15)Ca0.80(11)Fe0.19(19))Si2O6 
Pigeonite (Mg1.02(16)Fe0.88(18)Ca0.10(9))Si2O6 

 Original Rocknestb 

Plagioclase (Ca0.57(13)Na0.43)(Al1.57Si2.43)O8 
Olivine (Mg1.24(6)Fe0.76)2SiO4   
Augite (Mg0.88(10)Ca0.75(4)Fe0.37(12))Si2O6 
Pigeonite (Mg1.13(12)Fe0.68(12)Ca0.19(5))Si2O6 

a Uncertainties reported as 1σ 
bCompositions initially published in Bish et al. [2013] 
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Table A4. Calculated Compositions of Gobabeb Crystalline and Amorphous Components 
APXS <150 µm Gobabeb Composition and Calculated Compositions of Crystalline and 
Amorphous Components from CheMin-Derived Mineral Chemistrya,b 

  <150 µmc  Crystallined Amorphousd  Crystallinee Amorphouse 

SiO2  47.88  27.34 20.54  46.73 49.53 
TiO2  0.88  0.00 0.88  0.00 2.12 
Al2O3  9.78  6.52 3.26  11.15 7.86 
FeOT  17.91  9.69 8.22  16.56 19.82 
MnO  0.37  0.00 0.37  0.00 0.89 
MgO  7.57  7.57 0.00  12.94 0.00 
CaO  7.30  6.03 1.27  10.31 3.06 
Na2O  2.75  0.90 1.85  1.54 4.46 
K2O  0.49  0.00 0.49  0.00 1.18 
P2O5  0.79  0.00 0.79  0.00 1.91 
Cr2O3  0.39  0.00 0.39  0.00 0.94 
Cl  0.50  0.00 0.50  0.00 1.21 
SO3  3.36  0.45 2.91  0.77 7.02 
Total  99.97  58.50 41.47  100.00 100.00 

aOxides and Cl are reported in wt % 
bMethod described in Morris et al. [2016] and Morrison et al. [in review] 
cAPXS analysis of Gobabeb, post-sieve, <150 µm sand fraction dump pile [O’Connell-Cooper et 
al., this issue] 
dProportion the bulk sample; crystalline and amorphous sum to 100% 
eComponents normalized to 100% 
 
 
 
Table A5. Gobabeb Phase Abundances - Indirect and Direct Vibration 
Comparison of Gobabeb Phase Abundances for Indirect and Direct Vibration Modes Obtained 
from a Mylar-based Rietveld Refinement Model of CheMin XRD Patternsa 

 

aAbundances in wt %; uncertainties reported as 1σ 
bVibration modes are described in the text and in [Downs and MSL Team, 2015] 
*At or near detection limit 
 

 Indirect Vibrationb Direct Vibrationb 

Plagioclase 18.0(3) 16.9(4) 
Olivine 12.9(3) 3.7(3) 
Augite 11.3(4) 3.1(4) 
Pigeonite 4.4(4) 2.9(4) 
Magnetite 1.2(1) 2.7(2) 
Hematite 0.7(1)* 2.1(1) 
Anhydrite 0.7(1)* 2.0(1) 
Quartz 0.6(1)* 1.1(2) 
Amorphous 49.0 63.3 
Mylar 1.2(2) 2.2(2) 
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Table A6. Chemical Compositions of Rocknest and Gobabeb 
APXS Chemical Compositions of Rocknest and Gobabeb Bulk and <150 µm Fractionsa,b 
 Rocknest Gobabeb Gobabeb 
 Bulkc Bulkc <150 µm 
SiO2 42.97 48.15 47.88 
TiO2 1.19 0.84 0.88 
Al2O3 9.37 10.01 9.78 
FeOT 19.18 17.50 17.91 
MnO 0.42 0.37 0.37 
MgO 8.69 8.36 7.57 
CaO 7.26 7.20 7.30 
Na2O 2.70 2.67 2.75 
K2O 0.49 0.48 0.49 
P2O5 0.95 0.75 0.79 
Cr2O3 0.49 0.32 0.39 
Cl 0.69 0.50 0.50 
SO3 5.47 2.82 3.36 
Total 99.87 99.97 99.97 

a[Blake et al. 2013; O’Connell-Cooper et al., this issue] 
bCompositions in wt % 
cBulk analyses represent measurements of disturbed soil 
 
 
 
Table A7.  Gobabeb CIPW Normative Mineralogy  
CIPW Normative Mineralogy Calculated from APXS Analyses of the Bulk and <150 µm 
Gobabeb Sand Fraction Chemistrya,b 
 Normative Mineralogy 
 Bulk <150 µm 
Plagioclase 36.50 36.16 
Hypersthene 29.45 29.21 
Diopside 12.45 13.14 
Olivine 8.85 7.75 
Orthoclase 2.84 2.90 
Magnetite 2.54 2.60 
Apatite 1.74 1.83 
Ilmenite 1.60 1.67 
Total 95.97 95.26 

aAbundances in wt %; 
bAPXS chemistry in Table 9 
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Table A8. Calculated Crystalline and Amorphous Composition for Rocknest and Gobabeb  
Comparison of Calculated Compositions of Crystalline and Amorphous Components in Rocknest 
and Gobabeba 

 

aOxides and Cl are reported in wt % 
 
  

 Crystalline Amorphous 
 Rocknest Gobabeb Rocknest Gobabeb 
SiO2 47.62 46.73 34.58 49.53 
TiO2 0.68 0.00 2.12 2.12 
Al2O3 11.52 11.15 5.45 7.86 
FeOT 16.95 16.56 23.27 19.82 
MnO 0.00 0.00 1.20 0.89 
MgO 11.32 12.94 4.05 0.00 
CaO 8.76 10.31 4.45 3.06 
Na2O 2.33 1.54 3.38 4.46 
K2O 0.00 0.00 1.39 1.18 
P2O5 0.00 0.00 2.70 1.91 
Cr2O3 0.00 0.00 1.39 0.94 
Cl 0.00 0.00 2.96 1.21 
SO3 0.82 0.77 14.04 7.02 
Total 100.00 100.00 100.00 100.00 
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Table A9. APXS Compositions of Average Martian Basaltic Soils 
APXS Compositions of Average Basaltic Soils in Gale Crater, Meridiani Planum, and Gusev 
Crater Along with Select Individual Analyses Normalized to 100% Totalsa 

aOxides and Cl are reported in wt% and normalized to 100%; Ni, Zn, and Br are reported as ppm 
bO’Connell-Cooper et al., this issue 
cAverage composition of basaltic soils listed in Yen et al. [2006] 
dEdgar scuff analysis [Ming et al. 2008] 
 

 

 

 

 

  

 Gale  Meridiani  Gusev  
 Averageb Rocknest Gobabeb  Averagec  Averagec El Doradod 

SiO2 43.16 43.02 47.90  46.14  46.32 47.55 
TiO2 1.05 1.19 0.88  1.03  0.87 0.73 
Al2O3 9.16 9.38 9.78  9.39  10.14 10.91 
FeOT 19.33 19.20 17.92  18.17  16.04 15.82 
MnO 0.42 0.42 0.37  0.37  0.32 0.31 
MgO 8.60 8.70 7.57  7.42  8.61 10.01 
CaO 7.08 7.27 7.30  6.95  6.35 6.31 
Na2O 2.72 2.70 2.75  2.23  3.01 3.20 
K2O 0.50 0.49 0.49  0.49  0.44 0.37 
P2O5 0.92 0.95 0.79  0.85  0.82 0.75 
Cr2O3 0.46 0.49 0.39  0.40  0.35 0.34 
Cl 0.77 0.69 0.50  0.66  0.72 0.40 
SO3 5.83 5.48 3.36  5.91  6.01 3.30 
Ni 518 456 504  469  465 684 
Zn 323 327 190  309  285 145 
Br 43 34 37  81  52 29 
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Figures 

 

Figure A1. MSL traverse map 
MSL traverse map indicating the location of the two eolian deposits, Rocknest and Gobabeb, 
measured by the rover’s full instrument suite. 
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Figure A2. The Namib Dune and Gobabeb sample site 
a) HiRISE image (NASA Photojournal #PIA19930) of the Namib Dune (top left) and location of 
the Gobabeb sample site (star). b) Perspective view of the area pictured in (a) indicating primary 
and secondary slipfaces. c) Front Hazcam image (FLB_506861868) from sol 1232 of the 
Gobabeb worksite. Locations of the wheel scuff, three scoop sites, and four sieved sample piles 
are labeled. Wheel scuff width is ~0.5 m. 
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Figure A3. Images of the Gobabeb trench and dump pile 
a) Mastcam image of the Gobabeb trench (left, Sol 1231, mcam03794). b) MAHLI image of the 
Gobabeb <150 µm dump pile (right, Sol 1226, mhli03249). 

 

 
 
Figure A4. Mastcam image of the Rocknest trench  
a) Mastcam image of the Rocknest trench (left, Sol 93, mcam04327). b) MAHLI image of the 
Rocknest <150 µm sample on the observation tray (right, Sol 95, mhli01120). The Rocknest site 
has an armored coating and higher dust content giving the surface of the sediment a more reddish 
hue compared to Gobabeb. 
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Figure A5. CheMin instrument configuration.  
Diffracted characteristic X-rays collect on the CCD result in a 2D image (center) that is 
converted to a 1D diffraction pattern (right). Modified from Blake et al. [2012]. 

 
 

 
 
Figure A6. Gobabeb diffraction patterns 
Gobabeb diffraction patterns resulting from indirect vibration (black) and direct vibration (red). 
Normalized to equal analysis times. Labeled peaks correspond to the following minerals: Pl = 
plagioclase, A = anhydrite, H = hematite, and M = magnetite. 
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Figure A7. Gobabeb phase abundance ratios for direct and indirect cell vibration 
Measured phase abundance ratios relative to Mylar cell window diffraction intensity (Mylar = 
one) for Gobabeb, analyzed via direct and indirect cell vibration. Ratios less than one indicate a 
relative decrease of the phase whereas ratios greater than one indicate a relative increase in 
abundance. In unconsolidated materials such as Gobabeb, coarse-grained phases are 
preferentially ejected from the sample cell relative to fine-grained phases at the higher vibration 
amplitudes experienced during vibration. Uncertainties are represented by bars for each mineral 
phase and as the shaded area for Mylar. 
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Figure A8. Inferred compositions of Gobabeb and Rocknest olivine and pyroxenes 
Inferred compositions of olivine and pyroxenes of Gobabeb and revised Rocknest samples, 
shown in the standard pyroxene quadrilateral in mole percents of the components enstatite, En 
(MgSiO3); ferrosilite, Fs (FeSiO3), and wollastonite (CaSiO3). Other pyroxene endmembers are 
diopside, Di (CaMgSi2O6).and hedenbergite Hd (CaFeSi2O6). Light background lines are the 
liquidus equilibria positions and tie-lines for pyroxenes [Lindsley et al., 1983]. The molar 
Mg/(Mg+Fe) ratio for olivine and pigeonite are similar, but augite is distinctly more magnesian 
in both the Gobabeb and Rocknest sands. This difference suggests that olivine and pigeonite 
formed in different environments from augite. 
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Figure A9. Rocknest and Gobabeb diffraction patterns 
Rocknest and Gobabeb diffraction patterns (black and red, respectively). Pattern are normalized 
to reflect equal analysis times. Labeled peaks correspond to the following minerals: Pl = 
plagioclase, Px = pyroxene, Ol = olivine, A = anhydrite, Q = quartz, H = hematite, and M = 
magnetite. 
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1 Introduction 

The Mars Science Laboratory (MSL) rover, Curiosity, has been exploring Gale crater 

since August 2012 with the primary goal of assessing environments that are, or once were, 

favorable habitats for life (Grotzinger et al., 2012). The diverse mineralogy, stratigraphy, and 

geomorphic features of Aeolis Palus (northern crater plains) and Aeolis Mons (informally, 

Mount Sharp) show evidence of significant environmental and climatic changes in the early 

Hesperian (Milliken et al., 2010). In particular, the change from phyllosilicate-bearing 

sedimentary units in the basal units of Mount Sharp to sulfate-bearing sedimentary units higher 
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in the stratigraphy may signify an increase in aridity ~3.5 Ga (Milliken et al., 2010). This 

mineralogical stratigraphy has been recognized from orbital visible/short-wave measurements 

across the planet (e.g., Bishop et al., 2008; Wiseman et al., 2010; Ehlmann et al., 2011; Le Deit 

et al., 2012; Carter et al., 2015; Bishop and Rampe, 2016), suggesting a global climate change 

early in Mars’ history. Curiosity has been gradually climbing the lower layers of Mount Sharp, 

investigating sedimentology, mineralogy, and geochemistry to characterize the environments 

preserved by the rocks and to evaluate evidence of past habitable conditions and local, regional, 

or global indicators of climate change. 

Curiosity’s scientific payload was designed to fully assess the textural, geochemical, and 

mineralogical properties of rocks and soils sampled by the rover. Mastcam provides outcrop-

scale images, whereas the Mars Hand Lens Imager (MAHLI), located on the arm of the rover, 

provides close-up images with resolutions a high as ~15 µm/px. This imaging suite allows for 

grain size measurements and the characterization of millimeter-to-meter scale sedimentary 

features identified along the rover’s traverse. Complementing the imaging datasets are 

mineralogical and geochemical analyses by the CheMin (Chemistry and Mineralogy), APXS 

(Alpha Particle X-ray Spectrometer), and SAM (Sample Analysis at Mars) instruments. The 

CheMin X-ray diffraction (XRD) instrument uses X-ray crystallography to identify the 

mineralogy of drilled rocks and scooped loose sediment (Blake et al., 2012). APXS measures the 

chemistry of Gale crater samples, complementing mineralogical data and monitoring 

geochemical trends with stratigraphy (Gellert et al., 2015). SAM evolved gas analyses (EGA) 

provide information regarding volatile species released upon the thermal decomposition of 

phases present in analyzed samples (Mahaffy et al., 2012).  
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The sedimentology of Gale crater, as imaged by Curiosity, suggests the rocks of Aeolis 

Palus and the lower units of Mount Sharp were primarily deposited in fluvial-lacustrine 

environments. Rivers emanating from the crater rim fed lakes on the crater floor. Conglomerate 

outcrops near the landing site and sandstone deposits on the plains likely represent fluvial and 

deltaic deposits, respectively (Grotzinger et al., 2015). Yellowknife Bay in Aeolis Palus is 

dominated by lacustrine mudstone. This mudstone contains basaltic silicate minerals (i.e., 

plagioclase, olivine, pyroxene, and pyrrhotite), minor amounts of magnetite and Ca-sulfate, and a 

significant amount of saponite clay (Vaniman et al., 2014). The mineralogy and geochemistry 

indicate Yellowknife Bay was an ancient habitable lake (Grotzinger et al, 2014). 

Stratigraphically above Aeolis Palus, rocks studied in the Pahrump Hills formation represent the 

lowermost units of Mount Sharp and the start of the Murray formation. The Pahrump Hills 

member is principally composed of laminated mudstone, representing lacustrine deposits 

(Grotzinger et al., 2015). The mineralogy of the Pahrump Hills member is heterogeneous, with 

basaltic igneous minerals, smectite, hematite, and jarosite at the base of the unit and greater 

abundances of plagioclase, crystalline and amorphous silica, and magnetite at the top of the unit 

(Morris et al., 2016; Rampe at al., 2017). This change in mineralogy has been interpreted as a 

stratified lake deposit, a change in sediment source, and/or a diagenetic front (Hurowitz et al., 

2017; Rampe et al., 2017).  

Curiosity continues to climb the slopes of Mount Sharp and study the Murray formation. 

Here, we focus on the mineralogy and geochemistry of four samples drilled from the members 

stratigraphically above Pahrump Hills. We then discuss depositional and diagenetic 

environments and compare these members to previous lacustrine deposits in Yellowknife Bay 

and Pahrump Hills. 
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1.1 Stratigraphy of the Murray Formation 

To reconstruct the ancient depositional environments of Gale crater, a stratigraphic 

column of the Bradbury and Mount Sharp groups has been constructed along Curiosity’s traverse 

(Fig. 1). The rocks in Aeolis Palus encompass the Bradbury group and are characterized by 

fluvial-deltaic and fluvial-lacustrine sediments, notably the Yellowknife Bay member (Vaniman 

et al., 2014; Grotzinger et al., 2014, 2015). The Murray formation primarily consists of lacustrine 

mudstone and has, thus far, been divided into seven members (Grotzinger et al., 2015; Fedo et 

al., 2017). The lowermost member, Pahrump Hills, is ~25 m thick and dominated by finely 

laminated mudstone. Minor cross-bedded sandstones, intercalated with the mudstone, suggest a 

lacustrine to fluvial-deltaic depositional environment. Overlying the Pahrump Hills member is 

the Hartmann’s Valley member, a ~25 m interval of cross-bedded siltstone to fine-grained 

sandstone. The scale of observed cross-stratifications is consistent with sediment transport in an 

eolian or fluvial setting (Fedo et al., 2017, 2018; Gwizd et al., 2018). Finely laminated mudstone 

and fine-grained sandstone form the major stratigraphy observed in the ~37 m thick Karasburg 

member. These sedimentary features indicate a primarily lacustrine depositional environment. 

The Sutton Island member is a ~98 m thick interval of heterolithic mudstone-sandstone strata. 

Finely laminated mudstone, ripple cross-laminated siltstone to sandstone, and cross-stratified 

siltstone were documented along the rover traverse (Fedo et al., 2017). These observations, in 

addition to the presence of desiccation cracks, suggest a near-shore lacustrine depositional 

environment with intermittent evaporative events (Stein et al., 2017). The Hartmann’s Valley, 

Karasburg and Sutton Island members contain cm-scale concretions and veins, an indication of 

diagenesis. The Pettigrove Point, Blunts Point, and Jura members overly the Sutton Island 

members and make up the Vera Rubin Ridge, a topographically elevated feature that, based on 
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orbital measurements, is enriched in hematite (Fraeman et al., 2013). In situ observations show 

that the Vera Rubin Ridge is comprised of fine-grained, planar laminated mudstone, indicating 

deposition in a low-energy, lacustrine environment (Edgar et al., 2018). At the time of writing, 

Vera Rubin Ridge is currently being investigated by Curiosity. 

 

2 Methods 

2.1 Sample Selection and Acquisition 

As part of a systematic drilling campaign to sample the Murray formation every ~25 m, 

four drill samples were acquired from strata overlying the Pahrump Hills member: Oudam from 

the Hartmann’s Valley member, Marimba and Quela from the Karasburg member, and Sebina 

from the Sutton Island member (Fig. 2). Oudam, the first sample of the systematic drilling 

campaign, was targeted to explore how sedimentary structures, diagenetic textures, 

geochemistry, and/or mineralogy differ in this orbitally “bright” portion of the Murray formation. 

The Marimba and Quela targets, 25 m and 56 m stratigraphically above Oudam, respectively, are 

mudstone samples drilled in the lower and upper regions of the Karasburg member. The 

Marimba and Quela drill sites represent average Karasburg bedrock at the selected elevations 

and were analyzed to monitor changes in broad-scale processes through time. Sebina, located in 

the Sutton Island member, was acquired 19 m above Quela and was sampled based on 

observations of bright-toned terrain from orbit and the presence of nodular features observed in 

rocks throughout the area.  

The Oudam, Marimba, Quela, and Sebina samples were drilled on sols 1361, 1422, 1464, 

and 1495, respectively. The MSL drill penetrates ~5-6 cm in target rocks collecting the powder 

for processing, delivery, and analysis by the MSL instrument suite. The upper ~1.5 cm of drilled 
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rock is discarded and the lower ~3-4 cm is transferred up the drill stem to the Collection and 

Handling for In situ Martian Rock Analysis (CHIMRA) processing system. The drill powder is 

sieved to <150 µm and portioned for delivery to the CheMin and SAM instruments (Anderson et 

al., 2012). 

2.2 Analysis Methods 

APXS determines the chemical compositions of rocks and soils by particle-induced X-ray 

emission (PIXE) and X-ray fluorescence (XRF) spectroscopy. The MSL APXS instrument can 

detect and quantify the elements Na to Br, with characteristic X-ray energies between ~0.7 and 

~25 keV (Gellert and Clark, 2015). APXS analyses of the Oudam, Marimba, Quela, and Sebina 

material discarded from CHIMRA were acquired on sols 1368, 1459, 1494, and 1533, 

respectively, and resulting datasets are listed in Table S1. 

The CheMin XRD/XRF instrument produces diffraction patterns and XRF spectra of 

scooped soils and drilled rock samples (Blake et al., 2012). Sieved material is delivered to 

sample cells with Mylar or Kapton windows and a piezoelectric actuator randomizes grain 

orientations as grains pass through the X-ray beam. Two-dimensional (2D) diffraction images 

are collected over multiple nights, totaling ~30 analysis hours per sample. The 2D images are 

converted to 1D patterns and the data are analyzed with whole pattern fitting (FULLPAT; 

Chipera and Bish, 2002; 2013) and Rietveld refinement methods. XRD analyses provide the 

distribution of crystalline, clay mineral, and amorphous components, the identity of crystalline 

phases present at >1 wt%, and unit-cell parameters for major crystalline phases. The chemical 

composition of the amorphous component is estimated from mass-balance calculations using 

APXS bulk sample compositions, the CheMin measured mineral abundances and FULLPAT 

estimated clay mineral abundances, the crystal chemistries of major phases calculated from unit-



81 
 

cell parameters, the crystal chemistries of minor mineral phases assumed from literature values, 

and clay mineral compositions based on the dioctahedral and/or trioctahedral nature of the 

observed phyllosilicate and the relative octahedral Fe abundance observed in SAM EGA traces 

(see Supplementary Material for details) (Morris et al., 2016, Morrison et al., 2017). It is 

important to note that the chemical composition of the amorphous component will also include 

the composition of crystalline phases below the detection limit of CheMin (~<1 wt%). The first 

CheMin analyses of Oudam, Marimba, Quela, and Sebina were acquired on sols 1363, 1426, 

1472, and 1499, respectively. 

The SAM instrument consists of a quadrupole mass spectrometer (QMS), a tunable laser 

spectrometer (TLS), and a six-column gas chromatograph (GC) (Mahaffy et al., 2012). Evolved 

sample gases are directly measured by the QMS resulting in EGA traces of signal versus 

temperature for select masses (e.g., m/z 18 for H2O, m/z 64 for SO2). The temperature at which 

gases evolve can provide information about crystalline and amorphous phases present in samples 

(e.g., McAdam et al., 2014, 2018; Sutter et al., 2017). Additionally, gas abundances can be 

quantified by the deconvolution of EGA traces; however, abundances cannot always be linked to 

individual phases in complex mixtures, due to broad and/or overlapping evolution temperatures 

for some phases (e.g. dehydration of opal ~400-550°C and nontronite dehydroxylation ~400-

500°C). SAM EGA analyses were measured on sols 1382, 1443, and 1722 for Oudam, Marimba, 

and Quela, respectively. EGA analyses of Sebina were not acquired. 

 

3 Results 

The crystalline, clay mineral, and amorphous phase distributions estimated from 

diffraction patterns of Oudam, Marimba, Quela, and Sebina drill samples are listed in Table 1 
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and the patterns are depicted in Figure 3. Each sample has ~50 wt% X-ray amorphous materials 

and varying abundances of crystalline and clay minerals. Oudam has the largest crystalline 

fraction (~46 wt%) followed by Quela, Sebina, and Marimba (~32, 30, and 28 wt%, 

respectively). Crystalline phases identified in each sample are listed in Tables 1 and 2. Clay 

minerals are identified in each diffraction pattern based on the presence of a broad peak centered 

near 10 Å. Marimba, Quela, and Sebina have >16 wt% clay minerals, and ~3 wt% is estimated in 

Oudam. Detailed descriptions of the crystalline, clay mineral, and amorphous phases are 

presented below. 

3.1 Crystalline Component 

The crystalline phases identified in the Oudam, Marimba, Quela, and Sebina samples are 

listed in Tables 1 and 2. Plagioclase is the dominant mineral phase in each sample and is nearly 

twice as abundant in Oudam (23.5 wt%) compared to Marimba, Quela, and Sebina (12.4, 13.4, 

and 10.7 wt%, respectively) (Table 2). The calculated composition of plagioclase, based on 

refined unit-cell parameters, is similar for each sample: (Ca0.40(7)Na0.60)(Al1.40Si2.60)O8 for 

Oudam, (Ca0.39(5)Na0.61)(Al1.39Si2.61)O8 for Marimba and Quela, and 

(Ca0.42(6)Na0.58)(Al1.42Si2.58)O8 for Sebina (Table S2). The plagioclase compositions are within 

error of the average composition, (Ca0.38(2)Na0.62(2))(Al1.38Si2.62)O8, calculated for the four 

Pahrump Hills member drill samples (Rampe et al., 2017, Morrison et al., 2017). Hematite is the 

second most abundant mineral in each drill sample followed by crystalline Ca-sulfates. Oudam 

has the highest abundance of hematite of all samples drilled to date. Gypsum, bassanite, and 

anhydrite were detected in Marimba, Quela, and Sebina, whereas only gypsum and anhydrite 

were detected in Oudam. Sebina has the highest abundance of Ca-sulfate of all samples drilled to 

date. In all four drill samples, the dehydration of gypsum to anhydrite was observed over the 
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course of multiple nights of analysis (see Vaniman et al., (2018) for details), thus Ca-sulfate 

abundances reported in Tables 1 and 2 are those measured from the first CheMin analysis. Minor 

phases present in all four drill samples are orthopyroxene and quartz. Augite is present in Oudam 

and halite in Quela. Sanidine and jarosite were identified in Marimba, Quela, and Sebina.  

3.2 Clay Minerals 

Clay minerals are present in all four drill samples. Oudam diffraction data exhibit a 

broad, low intensity peak at ~9.6 Å, indicating a clay mineral with a smaller basal spacing than 

previously observed (~10 Å) in CheMin-analyzed mudstones (Vaniman et al., 2014; Bristow et 

al., 2015; Rampe et al., 2017). The position and breadth of the Oudam clay peak is most 

consistent with zero-layer charge 2:1 phyllosilicates, like talc and pyrophyllite (Bristow et al., 

2018). The SAM EGA profile shows a single H2O release at ~470°C, attributed to the 

dehydroxylation of an Fe-rich phyllosilicate (Fig. 4) (McAdam et al., 2018). Based on analyses 

from CheMin and SAM, ferripyrophyllite, ideally Fe3+2Si4O10(OH)2, was identified as the 

phyllosilicate most reasonably consistent with both datasets (Bristow et al., 2018; McAdam et 

al., 2018). 

Basal clay mineral peaks observed in Marimba, Quela, and Sebina diffraction data are 

similar to those identified in Yellowknife Bay and Pahrump Hills mudstones (Vaniman et al., 

2014; Bristow et al., 2015; Rampe et al., 2017). A broad diffraction peak at ~10 Å and a 02l band 

near ~4.50 Å is present in the Marimba, Quela, and Sebina patterns, consistent with smectite 

diffraction profiles. The highest smectite abundance (~25 wt%) is observed in the Marimba drill 

sample (Table 1). Two H2O releases at 610°C and 780°C are present in the Marimba EGA trace 

reflecting dehydroxylation temperatures of both dioctahedral and trioctahedral phyllosilicates 

(Fig. 4). BGMN XRD models (Fig. 5) and SAM EGA data are consistent with a 
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dioctahedral:trioctahedral (di:tri) smectite weight abundance ratio of 1:2 and 1:3, respectively 

(Bristow et al., 2018; McAdam et al., 2018). 

Quela and Sebina mudstones have clay mineral diffraction profiles similar to Marimba 

with broad basal peaks at ~10 Å and 02l bands at ~4.50 Å. The SAM EGA profile of Quela 

shows an H2O release ~470°C (similar to the Fe-phyllosilicate identified in Oudam), a broad 

H2O release between 550-740°C, and a sharp H2O release at ~835°C (Fig. 4). The high 

temperature release is attributed to a trioctahedral smectite and the wide, mid-temperature 

evolution can be attributed to a dioctahedral smectite and/or an opaline phase (McAdam et al., 

2018) The ~470°C evolution is consistent with jarosite and Fe-rich phyllosilicates. BGMN 

models of Quela diffraction data estimate di:tri smectite ratios of 1:1 (Fig. 5). Due to the broad 

nature of the Quela mid-temperature H2O evolution and the possibility that H2O resulted from 

multiple phases, di:tri ratios were not estimated from the SAM EGA profile. However, an upper 

limit of #:# (including H2O associated with the Fe-rich phyllosilicate) is predicted if the mid-

temperature H2O is entirely attributed to a second dioctahedral phyllosilicate phase. Like 

Marimba and Quela, the Sebina diffraction pattern exhibits a broad basal peak at ~10 Å and a 

broad 02l band at ~4.50 Å. BGMN modeling of the Sebina clay profile yields a di:tri smectite 

ratio of 5:3 (Fig. 5). A sample of Sebina was not delivered to SAM for analysis, thus EGA traces 

were not obtained. 

3.3. Amorphous Materials 

The calculated amorphous composition of each drill sample is listed in Table 3. SiO2 is 

the dominant oxide in each amorphous component, present at ~66 wt % in Oudam, ~50 wt.% in 

Marimba, and ~46 wt % in Quela and Sebina. The remaining major oxide contributions in 

Oudam are FeOT (~9 wt %), MgO (~ 8 wt %), Al2O3 (~6 wt%) with all other oxides present at < 
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3 wt%. The Marimba amorphous fraction has ~30 wt% FeOT, significantly higher than Quela 

and Sebina (~19 wt% and ~18 wt%, respectively). Quela and Sebina have ~12 wt% amorphous 

SO3, greater than the ~2 wt% in Oudam and ~6 wt% Marimba. SAM EGA profiles show SO2 

evolutions consistent with Fe-sulfates (~500-700°C) and Mg-sulfates (>700°C) (Fig. 6). 

Integrated intensities of the EGA SO2 peaks produced Fe-rich:Mg-rich sulfate ratios of 2:1, 1:12, 

and 5:7 for Oudam, Marimba, and Quela, respectively. Fe:Mg sulfate ratios are maximum 

estimates as adsorbed S and other S-bearing species may evolve SO2 above 500°C (McAdam et 

al., 2014). 

 

4 Discussion 

The crystalline and clay mineralogy of Oudam, Marimba, Quela, and Sebina are 

consistent with the most oxidizing and saline environment analyzed in Gale crater to date. In 

conjunction with sedimentological observations, mineralogical and geochemical data from the 

Hartmann’s Valley, Karasburg, and Sutton Island members allow us to assess the depositional 

history of these sediments and speculate how changes in sediment source, lake water conditions, 

and groundwater influx produced the rocks analyzed by Curiosity. Furthermore, these data allow 

us to revisit the depositional and diagenetic models previously formulated to describe the 

geologic history of Pahrump Hills and explore how such models apply to the overlying strata 

(Hurowitz et al., 2017; Rampe et al., 2017). 

4.1. Oudam – Hartmann’s Valley Member 

The mineralogy, geochemistry, and sedimentology of the Hartmann’s Valley member are 

unique to the Murray formation, making a definitive assessment of this unit’s depositional 

history challenging. Meter-scale trough cross-bedding suggest dune formation in an eolian or 
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fluvial environment (Gwizd et al., 2018). Grain size distributions are distinct between these two 

depositional settings and serve as an indicator to distinguish between a subaerial or subaqueous 

deposition however, grains could not be resolved in ~75% of Hartmann’s Valley MAHLI images 

(Gwizd et al., 2018). These ambiguous regions either possess grains that are smaller than the 

image resolution (~17 µm/pixel) or are comprised of larger grains whose boundaries are masked 

by secondary effects (i.e. abrasion, compaction, diagenetic processes) (Gwizd et al., 2018). 

Resolvable grains present in the MAHLI images appear to be primarily course silt and fine sand 

(~30-125 µm), a size distribution smaller than saltating grains measured in martian eolian dunes 

(~100-250 µm) and smaller than grain sizes predicted for a martian fluvial dune setting (>75 µm) 

(Grotzinger et al., 2013; Cousin et al., 2017; Ehlmann et al., 2017; Gwizd et al., 2018). In the 

absence of a definitive paleoenvironment determination, we discuss the elemental chemistry and 

mineralogy of Oudam in the context of both an eolian and fluvial environment. 

The elemental composition of Oudam, and the average composition of Hartmann’s 

Valley rocks, may represent a mixing of two sources, one more silica enriched and the other 

more mafic. Of all the CheMin-analyzed samples, the measured chemistry of the Oudam drill 

sample is most similar to a composition intermediate to the Telegraph Peak and Marimba drill 

fines (Fig. 7). The high silica abundance estimated in the Oudam amorphous component is 

consistent with the amorphous silica phases observed in Telegraph Peak. However, Fe-bearing 

phases are more abundant in Oudam compared to Telegraph Peak suggesting that detritus was 

not solely derived from a silicic source, requiring additional input from a more mafic parent 

rock. An alternative explanation for the similarities between Oudam and Telegraph Peak is 

related to their proximity to the Buckskin mudstone (~11 m above, and ~7 m below, 

respectively). Elemental trends observed in Stimson formation alteration halos are nearly 
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identical to Buckskin, suggesting a potential hydrothermal mechanism resulting in the formation 

of high-silica phases from mafic detritus (Yen et al., 2018). In this scenario, the Buckskin-

associated strata represent highly altered rocks whereas surrounding strata (i.e., Telegraph Peak 

and Oudam) were less extensively altered. 

The presence of hematite and Ca-, Fe- and Mg-rich sulfates indicate that the rocks at 

Oudam were exposed to oxidizing conditions. In the case of both eolian and fluvial depositional 

settings, we attribute the formation of hematite to one or more oxidative diagenetic events. Drill 

samples from the Stimson formation eolian sandstones contain both magnetite and hematite, with 

the magnetite interpreted as an authigenic phase formed from oxidative diagenesis of olivine, and 

hematite resulting from more complete oxidation of ferrous phases (Yen et al., 2017). A similar 

diagenetic sequence is likely for the Oudam site under eolian conditions, but the absence of 

magnetite suggests prolonged oxidation or multiple oxidative events. In a fluvial setting, similar 

diagenetic processes likely resulted in the majority of hematite observed. Minor hematite could 

have formed during deposition if shallow, oxic waters resulted in Fe-oxide precipitation upon 

alteration of detrital mafic phases, but precipitation was likely limited due to element 

mobilization in the fluvial environment. Ca-sulfate is more abundant at Oudam (~5.4 wt%, bulk) 

compared to Yellowknife Bay (~4.0 wt% and 2.1 wt%) and Pahrump Hills (no detection) 

mudstones. In Yellowknife Bay, Ca-sulfates detected in CheMin diffraction patterns are 

attributed to veinlets observed in drill borehole images (Vaniman et al., 2014). The lack of 

veinlets at Oudam suggests that Ca-sulfates are a fine-grained component of the sample, possibly 

a cement (Vaniman et al., 2018). In addition to Ca-sulfates, SAM EGA profiles indicate the 

presence of Fe- and Mg-rich sulfates (Fe-rich:Mg-rich sulfate weight ratio of 2:1). The Fe- and 

Mg-sulfate phases are likely amorphous or, if crystalline, present below the CheMin detection 
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limit (<1 wt% crystalline). An H2O release at 470°C in the Oudam SAM EGA profile (Fig. 4), 

primarily attributed to phyllosilicate dehydroxylation, is also consistent with the dehydroxylation 

temperature of jarosite therefore, jarosite may be present as a trace phase. 

Approximately 3 wt% phyllosilicate is observed in Oudam, and its description as an Fe-

pyrophyllite suggests that it is detrital or a product of diagenetic hydrothermal alteration, 

interpretations valid for both eolian or fluvial depositional settings (Bristow et al. 2018). If 

detrital, the pyrophyllite was likely a windblown dune component, originating from a local or 

regional hydrothermally altered source (Bristow et al., 2018). Alternatively, hydrothermal 

alteration of plagioclase in mildly acidic fluids could have diagenetically produced the 

pyrophyllite (Baccar et al., 1993a, 1993b; Mazot et al., 2008). Because clay minerals 

incorporated in eolian and fluvial deposits most often reflect detrital source materials, detrital 

pyrophyllite is preferred over diagenetic formation (Chamley et al., 1989; Berger et al., 2017; 

Yen et al., 2018). 

4.2. Marimba, Quela, and Sebina – Karasburg and Sutton Island Members 

The mineralogy, geochemistry, and sedimentary features observed in the Marimba, 

Quela, and Sebina mudstone samples and the surrounding strata indicate lacustrine and marginal-

lacustrine deposition, intervals of desiccation, and diagenetic events. Plagioclase, clay minerals, 

Ca-sulfates, and hematite are the most abundant crystalline phases detected by CheMin. 

Marimba has the largest clay mineral component detected in Gale crater to date with a di:tri ratio 

of 1:2 (Vaniman et al 2014; Rampe et al., 2017). The magnesian nature of Marimba smectites is 

consistent with the absence of olivine and low amounts of pyroxene measured in the sample, 

likely precursors to the trioctahedral smectite and indicator of a mafic detrital source. The 

coexisting dioctahedral smectite is believed to have formed under oxidative, open-system 
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aqueous alteration, depleting Mg and enriching Al (Bristow et al., 2018). Smectites in Quela and 

Sebina display lower abundances compared to Marimba, a possible result of less extensive 

alteration of mafic phases, indicated by higher abundances of pyroxene compared to Marimba. 

Alternatively, the Quela and Sebina detrital source sediments may have possessed a lower 

olivine:pyroxene ratio compared to Marimba, limiting smectite formation. 

Observations of both trioctahedral and dioctahedral smectites in Marimba, Quela, and 

Sebina indicate depositional conditions unlike those observed at Yellowknife Bay or in the 

Pahrump Hills. The presence of trioctahedral smectites signifies early-stage alteration of mafic 

phases (i.e. olivine and pyroxene) or indicates more magnesian water chemistries, resulting from 

evaporative episodes near the time of deposition (Bristow et al., 2018). Dioctahedral smectites 

likely formed in an open-system aqueous environment with periodic evaporation resulting in the 

mobilization of elements, oxidation of sediments, and subsequent formation of the Al-rich 

smectites (Bristow et al., 2018). Increasing di:tri ratios (1:2, 1:1, and 5:3 for Marimba, Quela and 

Sebina, respectively) indicate decreased Mg2+ activities in pore or lake waters, or enhanced rates 

of element mobility during the deposition of Marimba to Sebina. Although predicted to form 

primarily during deposition, sedimentological observations of increased grain-size from 

Marimba to Sebina could have promoted minor diagenetic alteration of trioctahedral to 

dioctahedral smectite due to higher permeabilities in adjacent rocks that could permit greater 

fluid flow and element mobilization to and from the mudstones. 

In addition to the detrital and authigenic phases observed in the Karasburg and Sutton 

Island drill samples, diagenetic processes likely had a significant impact on their mineralogy and 

amorphous chemistries. Concretion-rich rocks, indicative of post-depositional alteration 

processes, are observed throughout the Karasburg and Sutton Island members (Sun et al., 2018). 
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Jarosite, a mineral formed in moderately acidic conditions, is observed as a minor phase in the 

Marimba, Quela, and Sebina drill samples and is interpreted as a diagenetic product of brief or 

local acidic aqueous alteration. Crystalline Ca-sulfates, amorphous sulfates, and hematite are also 

considered products of diagenesis. The lack of sedimentary features supporting syndepositional 

sulfate formation (e.g., Ca-sulfate crystal molds, disrupted mud laminations, enterolithic folding) 

indicate post-depositional precipitation of Ca-sulfates in the sediments. The lack of distinct 

fracture-filled veins in the sampled mudstones suggests that Ca-sulfates are primarily matrix 

components; the large hematite fraction is also considered a matrix constituent and likely a 

product of an oxic groundwater alteration.  

4.3. X-ray Amorphous Component – Oudam, Marimba, Quela, and Sebina 

In addition to the crystalline phases identified in Oudam, Marimba, Quela, and Sebina, 

diversity among the compositions of the X-ray amorphous component reveals subtleties not 

observed in the sediment’s bulk sample chemistries and mineral distributions. Although 

definitive amorphous phase identifications cannot be achieved with XRD data alone, the 

calculated chemistry of the amorphous fraction, SAM EGA profiles, and elemental trends allow 

for insights into the identity of specific amorphous phases. The presence of certain amorphous 

phases have implications that affect assessments of source sediment variability and the 

chemistry, salinity, pH, and/or redox conditions of lacustrine and diagenetic fluids. 

Variations in the APXS-measured chemistry of major oxides and the distribution of those 

elements among crystalline and amorphous phases are depicted in Figure 8. The bulk chemistry 

of Oudam is more silicic than Marimba, Quela, and Sebina, and mass balance calculations show 

a ~16 to 20 wt% increase in the abundance of SiO2 in the Oudam amorphous component. 

FULLPAT analyses of Oudam diffraction data indicate the presence of opal-CT, estimated at 
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~17 wt% of the amorphous fraction and consistent with the calculated increase in amorphous 

silica. SiO2 accounts for ~50 wt% of the Marimba amorphous fraction and ~46 wt% in Quela and 

Sebina. Unlike Oudam, opal-CT is not observed in FULLPAT analyses of Marimba, Quela, and 

Sebina diffraction data. Excluding 17 wt% opal-CT in Oudam, the ~50 wt% amorphous-

associated SiO2 observed in all four drill samples is likely comprised of X-ray amorphous silica 

(e.g., glass, opal-A), aluminosilicates, and/or Fe-silicates. The Quela H2O EGA dataset exhibits a 

broad mid-temperature evolution possibly consistent with the presence of an Si-rich amorphous 

phase like opal-A (McAdam et al., 2018). Amorphous Fe-silicates are a likely component of 

Marimba due to the low abundance of Al2O3 (limiting oxide in the mass balance calculation), 

absence of hydrated silica signatures in SAM EGA analyses, and elevated FeOT (Fig. 8).  

A general increase in SO3 is observed from Oudam to Sebina (Fig. 8). The fraction of 

crystalline sulfates (i.e. gypsum, bassanite, anhydrite, and jarosite) is relatively consistent among 

the drill samples, whereas the fraction of amorphous S-bearing phases increases with elevation 

(Fig. 8). SAM SO2 EGA profiles show temperature evolutions consistent with both Fe-rich and 

Mg-rich sulfates (Fig. 6). Fe-rich sulfate phases are dominant in the Oudam SO2 profile (2:1 

Fe:Mg) and are attributed primarily to amorphous Fe-sulfate, although minor jarosite may be 

present (see section 4.1). Mg-rich sulfates are identified at higher abundances in the Marimba 

and Quela EGA profiles compared to Fe-rich sulfates (1:12, and 5:7 Fe:Mg, respectively). In 

Marimba, the minor Fe-sulfate SO2 evolution is attributed to jarosite or jarosite plus amorphous 

Fe-rich sulfates. A combination of jarosite and amorphous Fe-sulfates are likely in Quela due to 

a prominent SO2 evolution at ~700°C. EGA data were not acquired for Sebina, but similarities in 

mineralogy as well as bulk and amorphous chemistries suggest the presence of both Fe- and Mg-

rich sulfates. Additional S-bearing, X-ray amorphous materials are possible components of all 
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the drill samples because many S-bearing phases evolve SO2 at temperatures >500°C (McAdam 

et al., 2014). Probable S-bearing phases include adsorbed S species and crystalline S-bearing 

phases below the CheMin detection limit (McAdam et al., 2014). 

The estimated distribution of Fe-bearing phases in Marimba represents one of the largest 

variations among amorphous components observed in the drill samples. Of the total FeOT 

observed, nearly 65% is attributed to the amorphous fraction, considerably greater than Oudam, 

Quela, and Sebina amorphous FeOT (~25%, ~50%, ~50% respectively; Fig. 8). The low 

abundance of amorphous Fe-sulfates observed in the Marimba EGA profile suggests nanophase 

Fe-oxides and/or amorphous Fe-silicates as the main Fe-bearing amorphous phases. Considering 

the maximum abundance of amorphous Fe-sulfates in each sample, we estimate that ~60% of the 

FeOT measured in Marimba is attributed to Fe-oxides and/or Fe-silicates, whereas only ~8%, 

~30%, and 30% amorphous Fe-oxides and/or Fe-silicates contribute to the FeOT in Oudam, 

Quela, and Sebina (applying the Quela Fe:Mg sulfate ratio), respectively. Even though Marimba 

has ~3 wt% more bulk FeOT compared to Oudam, Quela, and Sebina, the distribution of 

amorphous Fe-bearing phases implies distinctive aqueous alteration processes among these drill 

samples. As mafic phases altered to smectite, the formation of Mg-smectite in Marimba may 

have supported conditions favorable to Fe-oxide and/or Fe-silicate formation, whereas Fe was 

mobilized along with Mg in Oudam (if fluvial) and during episodic wetting and drying episodes 

more prevalent in Quela and Sebina. Alternatively, the amorphous Fe distributions may indicate 

changes in diagenetic fluid pH and/or chemistries that favor Fe-oxide and/or Fe-silicate stability 

versus Fe-sulfate (i.e. less SO42- in solution and/or higher pH favoring Mg-sulfate vs. Fe-sulfate). 

4.4. Murray Formation Depositional Models 
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Two models were developed to describe the mineralogy and geochemistry of the 

Pahrump Hills member (Hurowitz et al., 2017; Rampe et al., 2017). Extrapolating these models 

to the overlying Murray sediments allows us more thorough assessment of the depositional and 

diagenetic history of this ancient Gale crater lacustrine environment. Marimba, Quela, and 

Sebina drill samples exhibit mineralogical and sedimentological evidence of a shallow, oxidizing 

lake environment. Similar conditions were described by Hurowitz et al. (2017) for the 

Confidence Hills and Mojave2 drill samples in the lowermost Pahrump Hills member. Consistent 

with the Hurowitz et al. (2017) model, fine laminations, sulfates, and hematite support deposition 

in a shallow, oxidative lake environment. Furthermore, the high abundance of hematite and 

matrix Ca-sulfates, absence of magnetite, increasing ratio of di:tri smectites, and desiccation 

features suggest more proximal deposition with evaporative conditions and intermittent subaerial 

exposure. 

Early diagenetic features (e.g., concretions) are observed in the Hartmann’s Valley, 

Karasburg and Sutton Island strata, signifying extensive diagenesis throughout the Murray 

formation (Rampe et al., 2017; Sun et al., 2018). The jarosite observed in the Confidence Hills 

and Mojave2 drill samples is attributed to post depositional influxes of acidic, briny groundwater 

(Rampe et al., 2017) or to the oxidation of detrital sulfide minerals during deposition in oxidized 

lacustrine waters (Hurowitz et al., 2017). K-Ar age dating of the jarosite in Mojave2 with SAM 

indicates that the jarosite is 2.12 + 0.36 Ga, suggesting it indeed formed during diagenesis, not 

within the lake waters themselves (Martin et al., 2017). Lower abundances of jarosite are 

observed in Marimba, Quela, and Sebina compared to the Pahrump Hills sediments. These data 

suggest that similar diagenetic conditions formed the jarosite but there were fewer or more brief 

periods of alteration compared to the events in Pahrump Hills (Rampe et al., 2017), or there was 
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a lower abundance of detrital sulfide minerals available for oxidation (Hurowitz et al., 2017). 

Although either scenario would have resulted in the observed jarosite abundances, diagenetic 

processes are believed to have significantly affected the Murray formation sediments, supported 

by sedimentological observations and the relatively young age of jarosite in Mojave2 (Martin et 

al., 2017). In addition to jarosite formation, precipitation of iron oxides and sulfates were likely 

during these diagenetic episodes. We believe that both oxidative aqueous alteration of mafic 

detritus in evaporating lake waters (Hurowitz et al., 2017) and diagenetic alteration from acidic 

groundwaters (Rampe et al., 2017) led to the observed mineralogy, geochemistry, and 

sedimentary features observed in the Karasburg and Sutton Island mudstones. 

4.5 – Variability in the Gale Crater Mudstones 

Variations in mineralogy, chemistry, and sedimentology from Yellowknife Bay to the 

Sebina drill site in the Sutton Island member underscore the complex depositional and diagenetic 

history of Gale crater fluvio-lacustrine sediments. Mineralogical and geochemical trends 

compiled from CheMin, APXS, and SAM datasets are depicted for the Yellowknife Bay and 

Murray formation drill samples in Figures 9-11. In conjunction with the formation models 

proposed for Yellowknife Bay and the Pahrump Hills, we discuss the depositional and diagenetic 

history of the Gale mudstones and how geochemical trends and the assemblages of crystalline, 

clay mineral, and amorphous phases reveal the complexities of aqueous alteration processes 

through time. 

Detrital crystalline phases (e.g., plagioclase, olivine, and pyroxene) and alteration phases 

(e.g., clay minerals, Ca-sulfates, jarosite, and hematite) are important for assessing changes in 

source sediments and interpreting the various alteration conditions that influenced Bradbury and 

Murray formation mudstones. The mineral assemblages observed in John Klein and Cumberland 
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indicate a shared basaltic detrital source (Fig. 10; Vaniman et al., 2014). The lowermost Murray 

drill samples, Confidence Hills and Mojave2, have similar mineralogies however, different 

smectite species may infer subtle variations in parent lithologies or exposure to different aqueous 

alteration conditions (Rampe et al., 2017; McAdam et al., 2018). High-silica crystalline and/or 

amorphous phases were identified in Telegraph Peak, Buckskin, and Oudam (Fig. 10, Morris et 

al., 2016; Rampe et al., 2017). Buckskin has the highest abundance of tridymite, cristobalite, and 

opaline phases of the three drill samples and the stratigraphic relationship of Telegraph Peak and 

Oudam to Buckskin likely signify a relationship between the high-silica nature of these drill 

samples and the depositional and/or diagenetic history of these strata (Fig. 10, see section 4.1). 

Lastly, the mineral assemblages observed in the Marimba, Quela, and Sebina mudstones suggest 

mafic parent rocks due to the presence of pyroxene and trioctahedral smectites (discussed in 

section 4.2). Overall, it is possible that detrital sediments supplying the lake during deposition of 

the Murray formation all originated from basaltic sources, however hydrothermal, acidic 

alteration of Pahrump Hills mudstones would be required to yield the assemblages measured at 

Buckskin (Morris et al., 2016, Yen et al., 2018). Alternatively, mafic parent rocks served as the 

source detritus for all samples with the exception of Buckskin (silicic source) and Telegraph 

Peak and Oudam where mafic detritus was likely a contributing component (silicic plus mafic 

source). 

The clay mineralogy of mudstones in Gale crater serve as key indicators of variability in 

depositional environments over time. In conjunction with the detrital mineralogy, lake water 

salinity and episodes of fluid migration influenced the chemical nature of observed smectites 

from Yellowknife Bay to Sutton Island (Fig. 9). In Yellowknife Bay, a closed-system 

environment supported the formation of Fe-rich trioctahedral smectites. Similar abundances of 
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clay minerals were observed in the Marimba, Quela, and Sebina mudstones, but, unlike 

Yellowknife Bay, the presence of dioctahedral and trioctahedral smectites suggests an open-

system lacustrine depositional setting that was subject to evaporative concentration and episodes 

of wetting and drying (Bristow et al., 2018). Smectites observed in the Pahrump Hills member 

suggest a more complex depositional history compared to the closed- and open-system regimes 

in Yellowknife Bay, Karasburg, and Sutton Island environments. The minor phyllosilicate 

abundances detected in Confidence Hills and Mojave2 (8 wt % and 5 wt%, respectively) coupled 

with the absence of smectites in Telegraph Peak and Buckskin infer source sediments and/or 

lacustrine conditions substantially different from the time Yellowknife Bay, Karasburg, and 

Sutton Island samples were deposited. Olivine-poor basaltic detritus could account for the low 

smectite abundance in Confidence Hills and Mojave2 and/or lake water conditions may have 

been suboptimal for smectite formation (i.e. low salinity). If low salinity conditions persisted 

during the deposition of Telegraph Peak and Buckskin, then smectite formation would not be 

expected if the sediment source shifted to include more silicic rocks (i.e. less detrital olivine).  

Diagenetic processes also influenced the observed mineralogy and geochemistry of 

Yellowknife Bay and Murray formation mudstones. Nodules, raised ridges, and Ca-sulfate veins 

represent at least two diagenetic fluid influxes in Yellowknife Bay, 1) an early event associated 

with the nodules and raised ridges and 2) a later event where Ca-sulfate precipitated in fractures 

(Grotzinger et al., 2014). Fluids associated with the early diagenetic event were likely neutral to 

alkaline in pH, as the proposed Mg-hydroxy interlayers in the Cumberland intercalated 

phyllosilicates preferentially form in higher pH fluids and minerals that form in acidic 

environments (e.g. jarosite) are not observed (Bristow et al., 2015; Vaniman et al., 2014). 

Diagenesis in the Pahrump Hills member is supported by concretions present in the lower strata 
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and by mineralogical and geochemical evidence of multiple influxes of mildly to moderately 

acidic fluids (~2-6 pH) (Rampe et al., 2017). Jarosite was observed in all Pahrump Hills drill 

samples, excluding Buckskin, and is the result of diagenesis (Rampe et al., 2017; Martin et al, 

2018). Concretions are observed throughout the Hartmann’s Valley, Karasburg, and Sutton 

Island members (Sun et al., 2018). High abundances of Ca-sulfate and the lack of associated 

syndepositional sedimentary features imply that the majority of these phases were precipitated 

from diagenetic fluids. Hematite is also observed at high abundances, compared to Pahrump 

Hills and Yellowknife Bay drill samples, suggesting oxic, aqueous alteration of mafic phases 

(Fig. 10). Given the abundance of matrix-associated, diagenetic Ca-sulfate, it is highly likely that 

much of the observed hematite was also precipitated during diagenetic events. Like the Pahrump 

Hills drill samples, jarosite is interpreted as a phase resulting from moderately acidic diagenetic 

fluids. The minor abundance observed in Marimba, Quela, and Sebina suggests short and/or 

localized acidic fluid influx and/or minor sulfide phases in the source rock. Lastly, observations 

of magnetite in Yellowknife Bay, to both magnetite and hematite in Pahrump Hills, to only 

hematite in Hartmann’s Valley, Karasburg, and Sutton Island members reflects an increase in 

oxic depositional and/or diagenetic fluids through time (Fig. 10). 

The crystalline, clay, and X-ray amorphous phases observed in Yellowknife Bay and 

Murray formation drill samples reveals the complex fluid history affecting fluvio-lacustrine 

sediments in Gale crater. Basaltic detritus were the primary source sediments supplying this 

ancient lake, with possible exception to the Telegraph Peak, Buckskin, and Oudam drill samples. 

Depositional conditions like salinity and open/closed environments were largely responsible for 

the authigenic phases observed (i.e. clay minerals). Diagenetic fluid conditions influenced the 

presence and abundance of alteration phases observed in all drill samples. Variations in fluid pH 
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and Eh resulted in the formation of magnetite versus hematite, and element mobilization through 

meters of stratigraphic section. Decreasing fractions of crystalline phases and an increase in X-

ray amorphous materials from Yellowknife Bay to Sutton Island correlate to observations of 

increased diagenetic fluid activity. These trends are important to understanding the weathering 

processes and formation pathways of amorphous materials. As Curiosity continues to explore the 

Murray formation, mineralogy is sure to play a central role in the characterization of 

paleoenvironmental conditions that lead to the formation of Mount Sharp sediments. 

 

5 Conclusions 

The mineralogy, geochemistry, and sedimentology of Gale crater lacustrine sediments 

illustrate that dramatic environmental changes occurred over the duration of a few million years 

of deposition (e.g., Grotzinger et al., 2015). Mineralogical variations observed in drilled rocks 

from Yellowknife Bay to Sutton Island were strongly influenced by the salinity and Eh of lake 

waters, and the pH and chemistry of diagenetic fluids. Increasing abundances of ferric oxides, 

sulfates, and dioctahedral clay minerals reflect interactions with increasingly oxic fluids. The 

decrease in crystalline phases and increase in X-ray amorphous materials correlate to extensive 

oxidative diagenesis in the Hartmann’s Valley, Karasburg and Sutton Island members. Tracing 

mineralogical trends through time provide insights into weathering and alteration processes that 

are critical for unraveling the aqueous history of Gale crater.  
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Tables 

 
Table B1. Bulk phase distributions and crystalline phase abundances 
Bulk phase distributions and crystalline phase abundances in wt%. 

 Bulk Phase Distributions 
 Oudam Marimba Quela Sebina 
Crystalline 46 28 32 30 
Clay Minerals 3(1) 25(5) 16(3) 19(4) 
Amorphous 51(25)a 47(24)a 52(25)b 51(25)b 

Total 100 100 100 100 
  
 Crystalline Mineralogy 

 Oudam Marimba Quela Sebina 
Plagioclase 51.4(8) 44.3(30) 41.5(22) 35.2(14) 
Hematite 25.7(7) 20.4(14) 22.2(11) 22.8(8) 
Anhydrite 6.1(6) 11.7(14) 9.7(7) 17.1(16) 
Orthopyroxene 5.7(13) 2.2(19) 8.3(21) 9.3(12) 
Gypsum 5.6(2) 6.6(9) 1.3(7) 3.6(11) 
Augite 4.2(9) -- -- -- 
Quartz 1.3(2) 1.7(6) 1.0(5) 0.9(5) 
Sanidine -- 7.5(18) 7.2(16) 4.7(13) 
Bassanite -- 3.9(10) 6.1(9) 3.5(6) 
Jarosite -- 1.7(8) 1.6(6) 2.9(6) 
Halite -- -- 1.1(3) -- 

Total 100 100 100 100 
a Calculated 
b FULLPAT 
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Table B2. Drill sample bulk phase abundances 
Bulk phase abundances of drill samples in wt% 
 Oudam Marimba Quela Sebina 
Plagioclase 23.6(4) 12.4(8) 13.4(7) 10.6(4) 
Hematite 11.9(3) 5.7(4) 7.1(4) 6.9(2) 
Anhydrite 2.8(3) 3.3(4) 3.1(2) 5.1(5) 
Orthopyroxene 2.6(6) 0.6(5) 2.7(7) 2.8(4) 
Gypsum 2.6(1) 1.8(2) 0.4(2) 1.1(3) 
Augite 1.9(4) -- -- -- 
Quartz 0.6(1) 0.5(2) 0.3(2) 0.2(1) 
Sanidine -- 2.1(5) 2.3(5) 1.4(4) 
Bassanite -- 1.1(3) 1.9(3) 1.0(2) 
Jarosite -- 0.5(2) 0.5(2) 0.9(2) 
Halite -- -- 0.3(1) -- 
Clay Minerals 3(1) 25(5) 16(3) 19(4) 

Amorphous 51(25)a 47(25)a 52(25)b 51(25)b 

a Calculated 
b FULLPAT 
 
 
 
Table B3. Calculated Amorphous Compositions 
Calculated Amorphous Compositionsa 

  Oudam  Marimba  Quela  Sebina 

SiO2  65.79  49.52  46.12  46.22 
TiO2  2.06  1.87  2.02  1.96 
Al2O3  6.15  0.00  4.21  4.05 
Cr2O3  0.63  0.71  0.56  0.69 
FeOT  9.11  29.61  19.03  18.06 
MnO  0.43  0.07  0.41  0.36 
MgO  8.16  6.07  1.55  3.36 
CaO  0.00  0.11  7.48  6.43 
Na2O  1.88  1.51  2.33  2.92 
K2O  1.71  0.92  0.76  0.84 
P2O5  1.02  2.20  2.13  1.31 
SO3  2.37  6.39  11.44  11.75 
Cl  0.69  1.03  1.96  2.06 

aOxides and Cl are reported in wt % and normalized to 100% 
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Figures 

Figure B1. Stratigraphic column of rock units studied by Curiosity 
Stratigraphic column of rock units studied by Curiosity from landing through Sol 1577. The 
strata are generally flat-lying, allowing us to correlate elevation with stratigraphy. Drill hole 
locations are denoted by black dots. Here, we focus on sample OU, MB, QL, SB. 
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Figure B2. Drill hole images 
a) Oudam; b) Marimba; c) Quela; d) Sebina
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Figure B3. CheMin diffraction patterns. 
CheMin diffraction patterns of Oudam, Marimba, Quela, and Sebina. Major phases: plagioclase 
(Pl), hematite (H), anhydrite (A), gypsum (G), opal-CT (O),  smectite (Sm), pyrophyllite (Py), 
and Kapton (K) 
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Figure B4. SAM EGA H2O profiles 
SAM EGA H2O profiles for Oudam, Marimba, and Quela. 
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Figure B5. BGMN models of Marimba, Quela, and Sebina 
BGMN models of dioctahedral (blue) and trioctahedral (green) smectite profiles for Marimba, 
Quela, and Sebina 02l smectite bands. 



111 

Figure B6. SAM SO2 EGA profiles 

SAM EGA profiles for evolution of SO2 with temperature. 

Figure B7. Chemistry comparison between Oudam and Murry samples 
APXS-measured chemistry of Oudam (black), Telegraph Peak (red), Marimba (blue), and 
average Hartmann’s Valley (dashed) relative to a Ganda, a target of average Murray 
composition. 
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Figure B8. Major phase elemental chemistries 
Major phase elemental chemistries of Oudam, Marimba, Quela, and Sebina partitioned into 
crystalline (black) and amorphous (red) fractions as estimated from mass balance calculations. 
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Figure B9. Major trends 
Major trends in crystalline, clay mineral, amorphous phase abundances, clay mineral types, and 
measured bulk chemistry for all Gale crater lacustrine sediments. 

Figure B10. Crystalline, phyllosilicate, and amorphous phase distributions. 
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Figure B11. Major oxide abundances 
Major oxide abundances measured by APXS for rocks from Yellowknife Bay to the Sebina drill 
site. 

Supplementary Material 

Methods 

Sample Acquisition 

The MSL drill is designed to penetrate and powder rocks for delivery to the CheMin and 

SAM instruments. The drill produces a ~1.6 cm diameter hole as it penetrates ~5-6 cm into the 

target rock. The upper ~1.5 cm of drilled rock is discarded around the drill hole and the lower 

~3-4 cm is collected in the drill stem and transferred to the Collection and Handling for In situ 

Martian Rock Analysis (CHIMRA) system to generate sieved fractions (Anderson et al., 2012). 

Portions of the <150 µm fraction (~75 mm3) are generated for delivery to CheMin and SAM. 
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APXS Geochemical Analyses 

APXS determines the chemical compositions of rocks and soils by X-ray fluorescence 

spectroscopy. A 244Cm radioactive source irradiates a target and a silicon diode detector 

measures fluoresced X-rays. Within a 1.7 cm diameter field of view, the MSL APXS instrument 

can detect and quantify the elements Na to Br (with characteristic X-ray energies between ~0.7 

and ~25 keV [Gellert and Clark, 2015, Thompson et al., 2016]. For each selected drill target, 

APXS measurements of the pre-drilled rock, drill tailings, and the material not delivered to the 

CheMin or SAM instrument were acquired. Material remaining in CHIMRA following delivery 

to CheMin and SAM is dumped into two piles designated pre-sieve and post-sieve. Pre-sieve 

material was not processed through a 150 µm sieve and is the bulk powder acquired through the 

drilling process. Post-sieve material is the finest sample fraction (<150 µm) and most closely 

represents the bulk chemistry of material delivered to CheMin and SAM.  

APXS analyses of the Oudam, Marimba, Quela, and Sebina dump piles were acquired on 

sols 1368, 1459, 1494, and 1533, respectively. The analysis of the Oudam post-sieve dump pile, 

likely contained ~5-25 wt% bedrock due to scattering of fines after exiting CHIMRA. Therefore, 

data from the pre-sieve APXS measurement is the most representative composition of the 

CheMin analyzed Oudam drill sample. Post-sieve APXS measurements were acquired for 

Marimba, Quela, and Sebina. The APXS chemical compositions used in this study are listed in 

Table S1.  

 
CheMin X-ray Diffraction and X-ray Fluorescence Measurements 

The CheMin XRD/XRF instrument produces diffraction patterns and XRF spectra of 

scooped soils or drilled rock samples (Blake 2012). Samples are sieved to <150 µm and a portion 
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is delivered to one of the instrument’s 27 reusable sample cells. Cells hold the sample material 

between two polymer (Mylar or Kapton) windows and a piezoelectric actuator produces 

convective flow of the sample material, randomizing grain orientations and minimizing 

orientation effects. CheMin is a transmission diffractometer with a Co X-ray source (λ = 

1.790276 Å) collimated to a 70 µm diameter X-ray beam. Two-dimensional (2D) XRD images 

are collected by an X-ray sensitive charge-coupled device (CCD) over 10 to 30 hours of analysis. 

Diffracted CoKα X-ray photons are summed to yield a 2D energy-discriminated CoKα 

diffraction pattern. All detected photons are also summed into a histogram that represents an 

XRF spectrum of the sample. 

Oudam drill powder was delivered to a previously used but empty Mylar cell (cell 12a).  

This cell showed no significant residue after the previous drill sample was emptied, as confirmed 

by empty-cell analysis on sol 812. Thirty hours of data were collected over four sols (1363, 

1366, 1370, and 1399). The Marimba drill sample was delivered to pristine Mylar cell 8a and 

thirty hours of data were acquired over four sols (1426, 1432, 1434, and 1437). Quela was 

analyzed in pristine Kapton cell 5a for thirty hours on sols 1472, 1476, 1479, 1481. The Sebina 

drill sample was delivered to the pristine Kapton cell 4b and twenty-five and one-half hours of 

data were collected over four sols (1499, 1502, 1504, and 1508). 

The 2D diffraction images are converted to 1D diffraction patterns using a modification 

of the open-source GSE_ADA software (Dera 2013). Initial pattern calibration is made with 

reference to a beryl-quartz standard, contained in one of the CheMin sample cells. Individual 

sample cells vary up to +/- 120 µm from the ideal diffracting position due to tolerance variations 

in the machining of the sample cell assemblies. An internal calibration method, based on the 

refined unit-cell parameters of plagioclase (see Morrison et al., for details), allows for the 
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calculation of this offset value. Offset magnitudes are not large enough to inhibit phase 

identification, but the offsets do affect refined unit-cell parameters and the mineral chemistries 

calculated from the unit-cell values. The calculated cell offsets for Oudam, Marimba, Quela, and 

Sebina are -58, -113, -47, and -112 µm, respectively.   

Rietveld refinements of the calibrated patterns provide mineral abundances and unit-cell 

parameters of the major crystalline phases. Individual mineral chemistries are determined from 

refined unit-cell parameters (Morrison). The abundance of clay minerals and the X-ray 

amorphous component was estimated from FULLPAT models of the diffraction pattern. 

FULLPAT uses natural and synthetic crystalline, clay, and X-ray amorphous phases as standards 

to estimate relative intensity contributions from crystalline, poorly-crystalline (e.g., smectites), 

and amorphous phases (Chipera and Bish 2013). The chemical composition of the amorphous 

component was estimated from mass-balance calculations using the APXS-determined bulk 

composition of each sample and the quantity and composition of the crystalline components 

determined from Rietveld refinement (Morris 2016, Morrison 2017). The calculated plagioclase 

composition (Table S2), average Gale crater orthopyroxene and augite compositions, and 

average sanidine composition from the first four Murray samples were used for the amorphous 

calculations. Ideal chemistries were assumed for all other crystalline phases. A ferripyrophyllite 

from ___ was used for Oudam. The composition of Griffith Park saponite (Cloutis et al.,) was 

used for trioctahedral smectites and dioctahedral smectites were represented by an Fe-rich phase 

with a dehydroxylation temperature most closely matching that observed in SAM (Sample #12?, 

Brigatti et al.,). 

 
BGMN modeling description 
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SAM Evolved Gas Analyses 
 
 
Tables 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             
Table BS1. APXS chemical compositions of drill samplesa 

  Oudam  Marimba  Quela  Sebina 

sol  1368  1426  1466  1533 
SiO2  51.82  45.99  44.81  43.74 
TiO2  1.05  1.07  1.05  1.01 
Al2O3  9.4  8.49  8.48  8.30 
Cr2O3  0.32  0.33  0.29  0.35 
FeOT  18.74  22.53  18.93  18.59 
MnO  0.22  0.09  0.22  0.19 
MgO  4.9  4.58  4.1  4.76 
CaO  4.55  5.27  7.48  7.54 
Na2O  2.59  2.11  2.19  2.26 
K2O  0.87  0.83  0.77  0.72 
P2O5  0.52  1.05  1.1  0.67 
SO3  4.36  6.78  9.3  10.58 
Cl  0.35  0.48  1.01  1.05 
Total  99.69  99.60  99.73  99.76 

aOxides and Cl are reported in wt % 
 
 
Table BS2. Unit-cell parameters and calculated chemical formula for plagioclase feldspar 

 a (Å) b (Å) c (Å) α (°) β (°) γ (°) chemical formula 

Oudam 8.163(5) 12.852(7) 7.110(4) 93.52(4) 116.31(4) 90.05(5) (Ca0.40(7)Na0.60)(Al1.40Si2.60)O8 

Marimba 8.161(8) 12.849(7) 7.111(6) 93.41(6) 116.30(4) 90.09(3) (Ca0.39(5)Na0.61)(Al1.39Si2.61)O8 

Quela 8.175(7) 12.845(8) 7.118(7) 93.43(5) 116.39(6) 90.06(4) (Ca0.39(6)Na0.61)(Al1.39Si2.61)O8 

Sebina 8.174(7) 12.857(14) 7.116(7) 93.44(5) 116.28(7) 90.10(8) (Ca0.42(6)Na0.58)(Al1.42Si2.58)O8 
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Abstract 

Quenselite, ideally PbMn3+O2(OH) (lead manganese dioxyhydroxide) is an oxide mineral 

found in metasomatized manganese ore deposits. Its structure was originally proposed by 

Byström (1945) based on Weissenberg and powder photography data and later refined by Rouse 

(1971) with an R factor of 10.6%. In this study, we present a revised structure of quenselite 

based on single-crystal X-ray diffraction of a natural sample from Amerika stope, Långban, 

Filipstad, Värmland, Sweden. The crystal structure of quenselite is characterized by alternating 

layers of edge-sharing, octahedrally coordinated Mn3+ linked by chains of PbO(OH). Here, we 

report quenselite unit-cell parameters along with anisotropic displacement parameters for all 

non-H atoms with R1 = 2.2%.  

 
Mineralogical and Crystal-Chemical Context 

Quenselite is an oxide mineral found in metasomatized manganese ore deposits (Fig.1). 

Its structure was originally proposed by Byström (1945) with monoclinic symmetry in space 

group P21 /c and unit-cell parameters a = 9.118, b = 5.676, c = 5.604 Å, β = 87.0°, and V = 

289.376 Å3 determined from Weissenberg and powder photographs. Byström described 

quenselite as a layered structure with sheets of octahedrally coordinated Mn alternating with Pb 

double layers. The structure was reexamined by Nuffield in a brief report presented in X-ray 

powder data for ore minerals: The Peacock atlas (Berry and Thompson, 1962), who adopted a 

different unit cell setting with space group C2/m and a = 5.61, b = 5.68, c = 9.16 Å, β = 93°, and 
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V = 291.482 Å3. The quenselite structure was re-examined by Rouse (1971) who reported 

monoclinic symmetry P2/a and unit-cell parameters of a = 5.61, b = 5.70, c = 9.15 Å, β = 93.0°, 

and V = 292.189 Å3. The reported R factor was 10.6% with isotropic displacement parameters 

refined for each non-hydrogen atom. 

 
Structural Commentary 

The structure of quenselite is characterized by alternating layers of edge-sharing, 

octahedrally coordinated, brucite-type Mn3+ sheets parallel to the b-c plane, and linked by double 

crankshaft chains of PbOH (Fig. 2) running parallel to [001]. All Mn3+O6 octahedra are distorted 

due primarily to the Jahn-Teller effect. Four Mn–O bond lengths average 1.927 Å and the two 

apical bonds average 2.327 Å. The Pb atom is bonded to three O2 atoms located between the 

octahedral layers and one O1 atom associated with the MnO6 octahedra, a configuration 

consistent with bond valance calculations of 1.993 valence units for Pb (Table 1). 

The hydrogen was located from difference Fourier synthesis. The hydrogen-bonding 

scheme in quenselite is presented in Table 3, which is consistent with the bond-valance 

calculations using the parameters given by Brown and Altermatt (1985) and Brese & O’Keeffe 

(1991) (Table 1). Hydrogen bonding to O3 accounts for the low O3 valence sum. 

Figure 3 shows the Raman spectrum of quenselite. The weak, asymmetric band near 

~3170 cm-1 is due to the O–H stretching vibrations. The position of the O–H associated band and 

the observed O2∙∙∙∙O3 distance of 2.804(6) Å is consistent with the predicted O∙∙∙O separation, 

according to Libowitzky (1999). Tentative assignments of the remaining bands are as follows. 

The bands in the 500 cm-1 to 700 cm-1 region are attributed to Mn–O stretching vibrations within 

the MnO6 octahedra. Similar Mn–O bands have been observed for minerals with various Mn 

oxidation states. Mn2+-bearing minerals like pyrochroite (645 cm-1, RRUFF database (Lafuente 
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et al. 2016)) and manganosite (647 cm-1, Julien et al., 2003). Mn3+-bearing minerals exhibit 

vibrational bands most closely related to quenselite.  Bands located at 540 cm-1 and 635 cm-1 in 

quenselite are similar to Mn–O stretching peak locations in groutite (α-MnOOH) and manganite 

(γ-MnOOH), at 555 cm-1 and 620 cm-1, bixbyite (Mn2O3) at 581 cm-1 and 630 cm-1, and 

birnessite [((Na,Ca,K)0.6(Mn4+,Mn3+)2O4·1.5H2O)] at 585 cm-1 and 640 cm-1 (Bernnard, 1993; 

Julien et al., 2003; Julien et al. 2004). The slight shift to lower wavenumbers in the quenselite 

spectra likely results from weaker bonding of Mn–O compared to those in groutite, manganite, 

bixbyite, and birnessite structures. Bands between 200 cm-1 and 500 cm-1 are attributed to O–

Mn–O bending vibrations associated with the MnO6 octrahedra. Bands below 200 cm-1 are 

mainly associated with the rotational and translational modes of MnO6 polyhedra and Pb–O 

interactions (Zahra, A. and Zahra C., 1993). 

Quenselite is not isostructural with any other known minerals. However, there are several 

related Mn and Pb oxide structures. Mn oxide minerals lithiophorite ((Al,Li)Mn4+O2(OH)2), 

chalcophanite (ZnMn4+3O7·3H2O), and birnessite-like minerals ((Na,Ca,K)-

0.6(Mn4+,Mn3+)2O4·1.5H2O) exhibit layered sheets of MnO6 octahedra (Post, 1999). The 

lithiophorite structure consists of alternating MnO6 and (Al,Li)(OH)6 octahedra and 

chalcophanite has Zn and H2O molecules between layers of Mn(IV)O6 octahedra. Crednerite, 

CuMnO2, exhibits Cu-linked, Jahn-Teller distorted MnO6 octahedral sheets (Topfer et al. 1995); 

the distorted octahedral layers are a close representation to that observed in quenselite. The Pb–O 

chains linking the Mn octahedra in quenselite share similar crankshaft-like bonding found in the 

PbO minerals litharge and massicot. Adjacent chains in quenselite have a Pb–Pb separation of 

4.023 Å, similar to the distance observed in litharge, 3.877 Å (Boher et al., 1985) and massicot, 

3.977 Å (Hill, 1985). 
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Experimental 

The quenselite specimen used in this study was obtained from the Amerika stope, 

Langban, Filipstad, Värmland, Sweden and is in the collection of the RRUFF project (deposition 

No. R060439; http://rruff.info). The experimental empirical formula, (Pb1.02Mn3+0.99O2(OH)), 

based on 3 O atoms, was determined from electron microprobe data collected on a CAMECA 

SX100 at 20 keV, 20 nA, and a beam size of 5 µm. An average of 25 analysis points yielded (wt. 

%): Total 96.08, PbO 71.52, Mn2O3 24.56, and H2O 3.92 (added to bring the total close to 

100%). 

The Raman spectrum of quenselite was collected from a randomly oriented crystal at 

100% power of 150 mW on a Thermo Almega microRaman system using a solid-state laser with 

a wavelength of 532 nm and a thermoelectrically cooled CCD detector. The laser was partially 

polarized with a 4 cm-1 resolution and a spot size of 1 µm. 

 
Refinement 

Anisotropic displacement parameters were used to refine all non-hydrogen atoms. The H 

atom was located from difference Fourier syntheses and its position refined with a fixed isotropic 

displacement parameter (Uiso = 0.063(19)).  

 
Related Literature 

For background references to quenselite, see: Bystrom (1945); Rouse (1971), For 

information on manganese oxide minerals, see: Post (1999). For resources on bond-valence 

calculations, see: Brown and Altermatt (1985); Brese & O’Keeffe (1991).  
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Tables 

Table C1. Experimental details 
   

Crystal Data 
Chemical formula HMnO3Pb 
Mr 311.14 
Crystal system, space group monoclinic, P2/c 
Temperature (K) 293 
a, b, c (Å) 9.1618 (6), 5.6927 (3), 5.6191 (3) 
α, β, γ (°) 90, 92.979 (3), 90 
V (Å3) 292.67 (3) 
Z 4 
Radiation type Mo Kα 
µ (mm−1) 61.53 
Crystal size (mm) 0.50 × 0.50 × 0.40 

 
Data Collection 

No. of measured, 
independent and 4599, 1065, 784 observed [I > 2σ(I)] 
reflections 
Rint 0.045 
(sin θ/λ)max (Å−1) 0.757 

 
Refinement 

R[F2 > 2σ(F2)], wR(F2), S 0.022, 0.051, 1.00 
No. of reflections 1065 
No. of parameters 56 

H-atom treatment 
H atoms treated by a mixture of  

independent and constrained 
refinement 

(Δ/σ)max 1.876 
Δρmax, Δρmin (e Å−3) 1.67, −1.62 

 
 
 
Table C2. Bond-valence sums 

 O1 O2 O3 ∑M 

Pb 0.729 0.573  1.993 
  0.158   
  0.534   
Mn1 0.622×2→  0.686×2→ 2.988 
   0.186×2→  
Mn2 0.251×2→  0.663×2→ 2.997 
 0.584×2→    
∑O 2.186 1.264 1.535  
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Table C3. Hydrogen-bond geometry 
 

D—H···A D—H H···A D···A D—H···A 
O2—H1···O3i 1.02(18) 1.78(18) 2.804(6) 174(14) 

 
Symmetry code: (i) x, y+1, z. 
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Figures 

Figure C1. Quenselite 
Quenselite from Amerika Stope, Langban, Filipstad, Varmland, Sweden. RRUFF project 
(http://rruff.info/R060439). 
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Figure C2. Crystal structure of quenselite 
The crystal structure of quenselite as reported in this paper, viewed down c. Red and yellow 
ellipsoids represent O and Pb atoms, respectively. Mn3+O6 octahedra are shown in purple and 
hydrogen atoms are represented by blue spheres. 
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Figure C3. Raman spectra of quenselite 
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T. F. Bristow et al. (accepted) Clay Mineral Diversity and Abundance in Sedimentary Rocks of 
Gale Crater, Mars, Science Advances. 

 

Contributions:  
Pattern calibration; Rietveld refinement analyses of diffraction patterns; integration of team 
analysis results; text and/or figure contributions 

 
D. T. Vaniman et al. (accepted) Gypsum, bassanite, and anhydrite at Gale crater, Mars, American 

Mineralogist. 
 

Contributions:  
Pattern calibration; Rietveld refinement analyses of diffraction patterns; integration of team 
analysis results 

 
S. M. Morrison et al. (in press) Relationships between Unit-Cell Parameters and Compositions 

for Rock-Forming Minerals on Earth, Mars, and other Terrestrial Bodies, American 
Mineralogist, doi:10.2138/am-2018-6123. 

 

Contributions:  
Text and/or figure contributions 

 
S. M. Morrison et al. (in press) Crystal chemistry of martian minerals from Bradbury Landing 

through Naukluft Plateau, Gale crater, Mars, American Mineralogist., doi:10.2138/am-2018-
6124. 
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Data acquisition (operational role in uplink and/or downlink of data); pattern calibration; 
Rietveld refinement analyses of diffraction patterns; text and/or figure contributions 

 
B. L. Ehlmann et al. (2017) Chemistry, Mineralogy, and Grain Properties at Namib and High 

Dunes, Bagnold Dune Field, Gale Crater, Mars: A Synthesis of Curiosity Rover Observations, 
Journal of Geophysical Research – Planets, 122, 2510-2543. 

 

Contributions:  
Text and/or figure contributions 

 
J. Johnson et al. (2017) Visible/near-infrared spectral diversity from in situ observations of the 

Bagnold Dune Field sands in Gale Crater, Mars, Journal of Geophysical Research – Planets, 
122, 2655-2684. 

 

Contributions:  
Text and/or figure contributions 
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E. Rampe et al. (2017) Mineralogy of an ancient lacustrine mudstone succession from the 
Murray formation, Gale crater, Mars, Earth and Planetary Science Letters, 471, 172-185. 

 

Contributions:  
Text and/or figure contributions 

 
R. V. Morris et al. (2016) Silicic Volcanism on Mars Evidenced by Tridymite in High-SiO2 

Sedimentary Rock at Gale Crater, Proceedings of the National Academies of Sciences, 113, 26, 
7071-7076. 

 

Contributions:  
Data acquisition (operational role in uplink and/or downlink of data 

 
A. H. Treiman et al. (2016) Mineralogy, provenance, and diagenesis of a potassic basaltic 

sandstone on Mars: CheMin X-ray diffraction of the Windjana sample (Kimberley area, Gale 
Crater), Journal of Geophysical Research – Planets, 121, 75-106. 

 

Contributions:  
Data acquisition (operational role in uplink and/or downlink of data) 

 
T. Bristow et al. (2015) The Origin and Implications of Clay Minerals from Yellowknife Bay, 

Gale crater, Mars, American Mineralogist, 100, 824-836. 
 

Contributions:  
Data acquisition (operational role in uplink and/or downlink of data) 
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Data acquisition (operational role in uplink and/or downlink of data) 

 
D. T. Vaniman et al. (2014) Mineralogy of a Mudstone at Yellowknife Bay, Gale Crater, Mars, 

Science 343, No. 6169, 1243480. 
 

Contributions:  
Data acquisition (operational role in uplink and/or downlink of data) 

 
D. L. Bish et al. (2013) X-Ray Diffraction Results from Mars Science Laboratory: Mineralogy of 

Rocknest Aeolian Bedform at Gale Crater, Science 341, No. 6153, 1238932. 
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Data acquisition (operational role in uplink and/or downlink of data) 
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Contributions:  
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