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Abstract:  For more than a decade, the CheMin X-ray diffraction instrument on the Mars Science 45 

Laboratory rover Curiosity has been returning definitive and quantitative mineralogical and min- 46 

eral-chemistry data from ~3.5-billion-year-old (Ga) sediments in Gale crater, Mars. To date, 40 47 

drilled rock samples and 3 scooped soil samples have been analyzed during the rover’s 30+ km 48 

transit. These samples document the mineralogy of over 800 meters of flat-lying fluvial, lacustrine 49 

and aeolian sedimentary rocks that comprise the lower strata of the central mound of Gale crater 50 

(Aeolis Mons; informally known as Mt. Sharp) and the surrounding plains (Aeolis Palus, informally 51 
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known as the Bradbury Rise). The principal mineralogy of the sedimentary rocks is basaltic, with 52 

evidence of early and late-stage diagenetic overprinting. The rocks in many cases preserve much of 53 

their primary mineralogy and sedimentary features, suggesting that they were never strongly 54 

heated or deformed. Using aeolian soil composition as a proxy for the composition of the deposited 55 

and lithified sediment, it appears that in many cases diagenetic changes observed are principally 56 

isochemical. Exceptions to this trend include secondary nodules, calcium sulfate veining, and rare 57 

Si-rich alteration halos. A surprising and yet poorly understood observation is that nearly all the 58 

~3.5 Ga sedimentary rocks analyzed to date contain 15-70 wt.% of X-ray amorphous material. Over- 59 

all, this >800-meter section of sedimentary rock explored in lower Mt. Sharp documents a perennial 60 

shallow lake environment grading upward into alternating lacustrine/fluvial and aeolian environ- 61 

ments, many of which would have been habitable to microbial life. 62 

Keywords: Powder X-ray Diffraction 1; Mars 2; Extraterrestrial mineralogy 3; Mars Science Labor- 63 

atory Curiosity rover 64 

 65 

1. Introduction 66 

The Mars Science Laboratory (MSL) rover Curiosity landed in Gale crater, Mars on 67 

August 6, 2012, and has been exploring its floor (Aeolis Palus, informally called the 68 

Bradbury Rise) and central peak (Aeolis Mons, informally called Mount Sharp) for 69 

nearly twelve Earth years. During its decade-long traverse, Curiosity has travelled more 70 

than 30 km and analyzed and documented over 800 vertical meters of flat-lying sedi- 71 

mentary rock. As part of MSL Curiosity’s laboratory instrument suite, the Chemistry 72 

and Mineralogy (CheMin) instrument determines the mineralogy of scooped or drilled 73 

samples delivered to it by the Sample Acquisition, Sample Processing and Handling 74 

(SA/SPaH) system [1] or delivered directly from the drill bit. Mineralogical analysis is an 75 

invaluable technique for deciphering geologically ancient environments because as ther- 76 

modynamic phases, minerals have well-defined stability ranges of pressure, tempera- 77 

ture, and chemical composition (P, T, X). A full knowledge of the mineralogy of a geo- 78 

logic sample provides insight into the conditions of its formation (paragenesis) and any 79 

subsequent changes that have occurred (diagenesis). 80 

CheMin is a powder X-ray diffraction (pXRD) instrument [2] that can identify, 81 

quantify, and determine the structure states and major element compositions of minerals 82 

in complex polymineralic assemblages such as volcanic rocks and sediments. Here we 83 

describe CheMin’s geometry, its mode of operation, and the techniques used to process 84 

and analyze the downlinked data. We summarize some of the major mineralogical and 85 

geochemical discoveries made during the last eleven years and discuss implications for 86 

ancient igneous processes, aqueous environments, early habitability, and the gradual 87 

drying out and oxidation of the Mars surface environment in the Hesperian (3.7-2.9 Ga) 88 

and early Amazonian (2.6 Ga-present) periods. 89 

Gale crater is an ancient 155 km diameter impact crater that sits astride a planet- 90 

wide feature on Mars called the “dichotomy boundary” (Figure 1). This boundary sepa- 91 

rates Mars’ two distinct geomorphological terranes: To the north, a relatively flat, topo- 92 

graphically low, less cratered (and therefore younger) plain, and to the south, a topo- 93 

graphically high, more heavily cratered, and geologically older highland. Gale crater 94 

was a deep depression in the Mars crust (4,650 meters below the average elevation of 95 

Mars) at a time when the Mars atmosphere was dense enough and the climate warm 96 

enough to allow liquid water to flow on its surface. 97 

Gale crater’s formation dates to ~3.6-3.8 Ga [3]. Gale is one of a class of “overfilled” 98 

craters [4, 5] craters that after their formation filled with sediment, later to be partially 99 

exhumed by aeolian processes. The central peak of Gale is comprised of the remnants of 100 

this infilling sediment. Orbital infrared imagery and reflectance spectra revealed a 101 
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vertical succession of sedimentary strata containing hydrous minerals (clay minerals, 102 

hydrated Mg-sulfates, etc.) on lower Mt. Sharp that were hypothesized to have been 103 

formed in the presence of water, (Figure 2) [6-8]. Gale crater was chosen as the landing 104 

site for MSL Curiosity based on these and other orbital images that were interpreted as 105 

the morphological remnants of an ancient crater lake, replete with stream channels and 106 

alluvial fans extending down from the crater’s northern rim, and flat-lying laterally ex- 107 

tensive sedimentary strata shrouding Mt. Sharp. 108 

MSL Curiosity [9] brought to Gale crater a full complement of scientific instruments 109 

for characterizing surface geology and mineralogy. Optical images of surface materials 110 

are acquired with a spatial resolution of tens of microns by the Mars Hand Lens Imager, 111 

MAHLI [10] and far-field optical and near-IR imagery at the mm scale with Mastcam 112 

[11]. Quantitative compositional data are obtained from surface areas of 2-3 cm diameter 113 

using Alpha Particle X-ray Spectroscopy, APXS [12, 13]. Sub-mm point-size elemental 114 

data are obtained with the Laser-Induced Breakdown Spectrometry, LIBS instrument 115 

[14] on ChemCam [15]. Mineralogical data from powdered 1 cm diameter by 6 cm deep 116 

rock cores, or scooped soils, are obtained with CheMin [2] augmented by thermally 117 

Evolved Gas Analysis (EGA) data from the Sample Analysis at Mars, SAM instrument 118 

[16], near-IR spectral imagery from Mastcam, compositional data from ChemCam-LIBS, 119 

and bulk compositional data from the APXS instrument. 120 

2. Description of the CheMin instrument  121 

2.1. The CheMin geometry 122 

CheMin is a self-contained lunchbox-sized powder X-ray diffractometer, 30x30x30 123 

cm, with a mass of 10 kg. (Figure 3). The geometry of the CheMin instrument is based on 124 

that of an X-ray transmission pinhole camera (Figure 4). A microfocus cobalt anode X-ray 125 

tube, operated at 25 KeV and 100 µA, emits a cone of X-rays that is intercepted by a 70 µm 126 

collimating aperture. The collimated beam strikes the center of a transmission sample cell 127 

8 mm in diameter and 170 µm thick bounded by 7 µm thick X-ray transparent Mylar or 128 

Kapton windows (Figure 5a-b). The samples analyzed by CheMin consist of 50-100 mg 129 

aliquots of powdered rock or scooped soil (sieved to a grain size < 150µm) delivered to 130 

the cell by the SA/SPaH system (midway through the mission, as a result of a failure of 131 

the drill feed mechanism, a modified sample delivery procedure was adopted in which        132 

unsieved drill powder was delivered directly to CheMin). During an analysis, the powder 133 

in the cell is shaken by piezoelectric vibration, inducing a turbulent flow of randomly ori- 134 

ented grains through the beam over time. Crystalline grains that pass through the beam 135 

in Bragg orientation contribute to the diffraction pattern one photon at a time. CheMin’s 136 

sample cells are arranged in pairs on the periphery of a wheel (Figure 5c) that holds 27 137 

cells that can be filled with sample material, analyzed, and emptied several times, plus 5 138 

sealed cells containing diffraction and fluorescence standards for instrument health 139 

checks and calibration. 140 

CheMin’s transmission geometry makes it susceptible to sample self-absorption, de- 141 

pending upon the anode material chosen for the X-ray tube. Because Mars is an iron-rich 142 

planet, a cobalt anode was chosen rather than a standard copper anode typical of labora- 143 

tory instruments because CuKα photons with an energy of 8.04 KeV strongly fluoresce Fe, 144 

which has its K absorption edge at 7.11 KeV. Indeed, on an iron-rich planet like Mars, if a 145 

Cu anode were used in a transmission-geometry instrument, ordinary basaltic composi- 146 

tion samples would appear nearly opaque to the beam. An additional performance benefit 147 

is that while the longer wavelength of CoKα results in decreased d-value coverage relative 148 

to CuKα, the major diffraction maxima of clay minerals and those of most rock-forming 149 

minerals fall within a range for which CheMin’s 2θ resolution is optimized. The CheMin 150 

team simulated and measured the diffraction patterns of a wide variety of rock types and 151 

specific Mars-relevant minerals at 2θ resolutions ranging from 0.1° to 0.6°. A design spec- 152 

ification of 0.35° 2θ was chosen as the minimum (worst) resolution that would still allow 153 
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the identification of virtually all minerals thought to be on Mars. Changes in the geometry 154 

of the instrument could of course result in improved resolution, but only at the expense 155 

of count rate, detector size or overall instrument dimensions - critical factors in spacecraft 156 

instrument design. Figure 6 shows a ray-tracing simulation of the CheMin geometry, il- 157 

lustrating its range and 2θ resolution [17]. The CheMin flight instrument collects diffrac- 158 

tion data over a 2θ range of 3° to 53° (CoKα) with a Full Width at Half Maximum (FWHM) 159 

figure of merit ranging from 0.25° to 0.35° 2θ sufficient to discriminate virtually all min- 160 

erals in complex mixtures. Plotted on the 2θ resolution curves in Figure 6 are FWHM peak 161 

widths for the four diffraction standards on the CheMin sample wheel. Despite CheMin’s 162 

relatively poor 2θ resolution, Rietveld refinement and other whole pattern fitting tech- 163 

niques can nevertheless be used to identify, quantify, and determine the lattice parameters 164 

and crystal chemistry of virtually all minerals.  165 

2.2. The CheMin detector and CheMin data products 166 

Diffracted and fluoresced photons from the sample are directly detected by CheMin’s 167 

image sensor, a 2.5 cm square Charge Coupled Device (CCD) having a 600x582 array of 168 

40 µm square pixels. When an X-ray photon is absorbed into the silicon of the detector it 169 

dissipates into a cloud of electron-hole pairs that can be tens of µm in diameter depending 170 

on the photon’s energy. The pixel size of the detector was chosen so that in most cases, the 171 

charge cloud generated by the photon is absorbed within a single pixel. CheMin’s CCD- 172 

224 imager is a custom e2v (Now Teledyne e2v) frame-transfer device. The front-illumi- 173 

nated design has an open gate structure on its surface to optimize detection of low-energy 174 

photons and is deep-depleted to maximize the absorption of higher energy photons (e.g., 175 

detection efficiency of 0.35 for CoKα). The CCD is actively cooled by a RycorTM tactical 176 

cryocooler to reduce background [18]. The cryocooler dissipates heat into Curiosity’s 177 

Rover Avionic Mounting Platform (“RAMP”). The temperature of the RAMP varies de- 178 

pending on season and time of day from -5 to 20 C. As the cryocooler is only able to main- 179 

tain a ΔT of -45 C between the RAMP and the CCD, CheMin is operated at night, when 180 

the temperature during analysis stays at ~-50 C. Operating the CCD at this temperature 181 

lowers background noise to improve the signal-to-noise ratio of the detector. 182 

 The CCD is operated in single photon counting mode, meaning that single frames 183 

of data are collected and read often enough so that in the vast majority of cases, each pixel 184 

will contain either a charge equivalent to the energy of a single detected photon, or back- 185 

ground. When operated in this fashion, the detector records both the energy and the x, y 186 

pixel position of each photon. The energy of a single electron-hole pair generated in silicon 187 

is 3.65 eV; if a CoKα photon is absorbed into a single pixel in the array, on average 6,930 188 

eV / 3.65 eV = 1,899 electron-hole pairs will be generated, which sum to the energy of the 189 

CoKα photon. Some energy losses can occur, for example due to secondary fluorescence 190 

of Si X-rays from the detector itself, or charge splitting between adjacent pixels. Figure 7 191 

shows a histogram of X-ray energy (displayed as raw Digital Numbers or “DN” from the 192 

CCD) from a synthetic ceramic standard containing most of the elements of geologic in- 193 

terest above Z=12, obtained with the CheMin flight instrument during cryogenic vacuum 194 

testing on Earth. CheMin was initially designed to have a capability for both XRD and 195 

XRF analysis of received samples; however, its XRF analysis capability was descoped for 196 

technical and cost reasons early in the flight instrument build.  197 

In a typical sample analysis lasting 10-30 hours and occurring over 2-3 Mars nights, 198 

hundreds of ten-second integrations are collected and stored. Raw data consist of 600x582 199 

arrays that store charge collected from individual CCD frames. The data are stored as DN 200 

(digital number energy bins) that are transformed to energy (in KeV) after downlink. Ide- 201 

ally, all raw frames would be transmitted to ground for processing, but the data volume 202 

is too large for this to be feasible. As a result, only a few frames of raw data are returned 203 

to monitor background, assess the health of the CCD and to choose DN values suitable 204 

for background and high and low DN limits for energy-discriminated diffraction prod- 205 

ucts. During the on-board processing of individual raw single frames, photons that fall 206 
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within a window that brackets the energy of CoKα (6.93 keV) are summed into a 600x582 207 

2D counting number array that constitutes an energy-selected CoKα Debye-Scherrer pat- 208 

tern of the sample. An energy histogram of all photons summed from the frames consti- 209 

tutes an X-ray fluorescence spectrum of the sample. An example of energy-selected dif- 210 

fraction and fluorescence data is shown in Figure 8. A minor frame is typically comprised 211 

of 180 10-second exposures. As many as 45 minor frames are summed to yield a high 212 

signal-to-noise 2D diffraction pattern for analysis. As a contingency measure, a diffraction 213 

product is constructed that is comprised of individual frames summed into a 600x582 ar- 214 

ray as raw data without energy-selection (called “Film mode” because the CCD collects 215 

photons in the same fashion as X-ray sensitive photographic film). A single real number 216 

array holds the summed images for each minor frame. Figure 9a shows a single minor 217 

frame of Film mode data from Rocknest, the first sample analyzed on Mars. The degrada- 218 

tion of the image is due to the detection of a flood of neutrons and cascades of secondary 219 

X-ray photons from the rover’s Radioisotope Thermal Generator (RTG) power source 220 

(which contains several kg of plutonium), and cosmic ray background. For comparison, 221 

Figure 9b shows CoKα energy-selected data from 6 summed minor frames of a modern 222 

regolith target Rocknest (RN, sol 0095). All downlinked higher-level data products are 223 

described in [2] and can be downloaded from the “Gale Crater Mineralogy and Geochem- 224 

istry Sample Database,” [19]. However, in all cases, energy selected CoKα data are used 225 

in our published analyses. 226 

2.3. CheMin 2 calibration 227 

The total X-ray beam path from the sample to the detector is 18.5 mm. As a result of 228 

this compact geometry, the largest error in 2 pattern measurement is introduced by the 229 

±50 µm machining tolerances of individual sample cells. Morrison et al. [20] describe a 230 

method to correct for these sample displacement errors using the refined lattice parame- 231 

ters of plagioclase feldspar, a mineral found in sufficient abundance in all but one sample 232 

analyzed on Mars to date. A compilation of the published lattice parameters of terrestrial 233 

plagioclase feldspars is found in the RRUFF database [21] see also [20, their Appendix 1]. 234 

If one plots the relationship of the plagioclase γ vs. c parameters for terrestrial examples, 235 

the points lie on a linear regression line [20], their Figure 3). Using a sample-detector dis- 236 

tance calculated from an analysis of one of CheMin’s standards as a starting point, refined 237 

lattice parameters for γ and c are determined. The sample-detector distance for each cell 238 

is then adjusted by increments until γ vs c from the Martian plagioclase falls on the γ vs c 239 

parameter regression line for terrestrial plagioclase.   240 

2.4. Analysis of CheMin diffraction patterns 241 

Data are downlinked from the spacecraft as 2D “minor frames.” Each minor frame is 242 

a 600x582 counting number array of CoKα photons summed from 180 individual 10-sec. 243 

exposures of the CCD. A complete analysis typically includes the data from 15 to 45 minor 244 

frames of 30 minutes each collected over two or more martian sols. However, in some off- 245 

nominal analyses, for example when grain motion is poor due to clogging, the mineralogy 246 

of patterns containing as few as 4 minor frames has been successfully quantified, albeit 247 

with higher mineral detection limits (e.g., the Buckskin sample reported in [22]). All minor 248 

frames contain some off-ring blobs and spots due to cosmic rays, detector defects, etc. 249 

These are removed and replaced with local background values prior to the 2D to 1D con- 250 

version. Once downlinked, CheMin’s 2D Debye diffraction rings, corrected for arc length, 251 

are summed circumferentially around the central beam to yield a conventional 1D diffrac- 252 

tion pattern using a modified version of GSE_ADA software v1.09 [23]; however commer- 253 

cial software such as FilmScanTM (ICDD, Newtown Square, PA) can be used as well.   254 

All raw data from the CheMin instrument are downloadable from the “Gale Crater 255 

Mineralogy and Geochemistry Sample Database,” [19] as well as 2D and 1D diffraction 256 

patterns, crystallographic information files (CIFs) files chosen for quantitative analyses 257 
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and cell parameter refinement, our preferred analytical result, companion data from other 258 

instruments and all papers published by the CheMin science team. 259 

There are 3 components that commonly contribute to CheMin’s diffraction patterns:  260 

A crystalline component, a poorly crystalline clay mineral component and an X-ray amor- 261 

phous component. The treatment of these three components during quantitative analysis 262 

is described below: 263 

 264 

2.4.1. Analysis of the crystalline component 265 

In each pattern, a small contribution to the background is due to the Kapton or mylar 266 

cell windows, and this “empty cell” contribution is subtracted during the refinement pro- 267 

cess. An aluminized mylar film in the beam path between the sample and the detector is 268 

used to shield the CCD from sample-generated optical fluorescence. The crystalline Al on 269 

this “light shield” produces diffracted intensity at approximately 25.5° and 32° 2θ that 270 

must be subtracted from the pattern. A custom light shield CIF was constructed for this 271 

purpose; however, because the most intense light shield peak occurs at the position of the 272 

principal peak of cristobalite, a cristobalite CIF can also be used. If clay minerals are pre- 273 

sent, patterns obtained from clay mineral standards with CheMin-IV, a ground-based in- 274 

strument having the same geometry as CheMin, are fit to the pattern and subtracted. Fi- 275 

nally, nearly all samples analyzed to date contain X-ray amorphous components, mani- 276 

fested as a broad scattering background having a maximum between 26° and 31° 2θ, and 277 

a low angle rise extending from 4° to 14° 2θ. This scattering intensity is modelled and fit 278 

to the pattern so that proper peak intensities and backgrounds can be retrieved from crys- 279 

talline component. For the identification and refinement of the crystalline component, 280 

CIFs from the AMCSD database (http://rruff.geo.arizona.edu/AMS/amcsd.php) are used 281 

in addition to a small number of CIFs created from structure refinements of minerals 282 

hand-picked from Martian meteorites. The identities, amounts and refined lattice param- 283 

eters of crystalline phases present in the sample are determined through search-match 284 

and Rietveld refinement (e.g., [24, 25]) using the JadeTM code (ICDD, Newtown Square, 285 

PA). Immediately after initial data are downlinked, independent refinements are per- 286 

formed by four or five members of the CheMin team, and a synopsis of these results is 287 

provided to the MSL Science Team for planning purposes. Once an entire analysis (com- 288 

prising two or more nights of data) has been downlinked, a sample displacement offset is 289 

calculated and applied to the pattern and a second round of Rietveld refinements is con- 290 

ducted. The reported mineral identifications, abundances and mineral lattice parameters 291 

are a consensus result of these refinements. Compositions are calculated for those miner- 292 

als having variable compositions and present at >~3 wt. %, using regression equations of 293 

lattice parameter vs. composition from [26]. These minerals typically include plagioclase 294 

and alkali feldspars, Mg-Fe-Ca C2/c clinopyroxene, Mg-Fe-Ca P21/c clinopyroxene, Mg- 295 

Fe-Ca orthopyroxene, Mg-Fe olivine, magnetite and other spinel oxides, and alunite-jaro- 296 

site. In some cases, the Scherrer equation [27] is used to identify crystal sizes when the 297 

FWHM peak width of a particular mineral exceeds the instrument FWHM.   298 

 299 

2.4.2. Analysis of clay mineral components 300 

In terrestrial laboratories, the identification of clay minerals with X-ray diffraction 301 

typically involves the use of oriented sample mounts and sample processing techniques 302 

such as humidity variation, sample heating or treatment with ethylene glycol; none of 303 

these methods were implemented for the CheMin instrument on Mars. In the low Relative 304 

Humidity (RH) environment of the CheMin sample cell, expandable clay minerals lose 305 

their interlayer water with the result that collapsed smectite cannot be discriminated from 306 

illite and other 2:1 clay minerals solely on the basis of the position of the (001) diffraction 307 

maximum (e.g., [28]). However, the breadth of the (001) diffraction peak and lack of cor- 308 

relation between clay mineral content (determined with CheMin) and bulk K content of 309 

the sample (determined with the APXS instrument) suggest that illite (which contains K 310 
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as its interlayer cation) is not present [29]. In addition, kaolinite-group clay minerals have 311 

a distinctive diffraction at low 2θ that has not been observed in any sample to date. 312 

For smectite clay minerals, the occupancy and cation species within the octahedral 313 

sheet (i.e., dioctahedral vs. trioctahedral) is used for clay mineral identification and has 314 

important implications for mineral paragenesis. In terrestrial laboratories, the 06l band is 315 

used for this purpose, but is beyond CheMin’s 2θ range. The 02l band (22.5° to 23.1° 2θ 316 

CoKα; 4.53 Å to 4.47 Å) is used for this purpose [30], albeit with occasional interferences 317 

from diffractions from other minerals. NEWMOD software [31] is used for detailed mod- 318 

eling of the (001) maximum of clay minerals (e.g., see [32] and [33] and the BGMN soft- 319 

ware [34] is used for detailed modeling of the 02l band in clay minerals (e.g., see [28, 29]. 320 

Water release EGA data from SAM complement CheMin data and can also be used to 321 

discriminate between the types of smectite clays present in a drill target based on the tem- 322 

perature of the water evolution (e.g., [35]). 323 

The amount of clay mineral in a sample vs. other components is determined using 324 

the Full Pattern Fitting program FULLPAT [36, 37]. Purified clay mineral standards, 325 

heated prior to analysis to collapse the interlayer to 10 Å, were analyzed in CheMin-IV. A 326 

combination of trioctahedral and dioctahedral smectite clays account for the majority of 327 

clay mineral components in the Martian samples at Gale. 328 

 329 

2.4.3. Analysis of X-ray amorphous components 330 

All CheMin samples analyzed to date on Mars contain an X-ray amorphous compo- 331 

nent. The proportion of the X-ray amorphous component relative to the crystalline and 332 

clay mineral components is determined by two complimentary methods: 333 

 By diffraction: Using FULLPAT, X-ray amorphous standards are chosen to fit the 334 

broad scattering background at mid-2θ and a rise in background at low-2θ not explained 335 

by the crystalline or clay mineral components. X-ray amorphous standards (allophane, 336 

palagonite, hisingerite, synthetic basaltic composition glass, opal-A, etc.) spiked with a 337 

beryl or corundum standard were analyzed in the CheMin IV instrument to determine 338 

their RIR values [38, 39]. These patterns are then fit to the unknown pattern. The amor- 339 

phous component(s) found in the Martian samples are almost certainly not the same struc- 340 

ture or composition as their lab-measured surrogates. For this reason, the relative 341 

amounts of the amorphous component(s) determined with FULLPAT are stated as ±2 of 342 

the amount present. 343 

By elemental composition: A second method utilizes the bulk elemental composition 344 

of the sample as determined by APXS, obtained from the “dump pile” of material col- 345 

lected for analysis (this is not the same aliquot of sample analyzed by CheMin, and could 346 

have subtle compositional differences). The composition of the crystalline component (as 347 

determined by CheMin using refined lattice parameter vs. composition equations in [26], 348 

multiplied by a scalar value is subtracted from the bulk composition determined by APXS. 349 

The scalar value is increased until one of the major oxides in the bulk composition is re- 350 

duced to zero. These two methods produce the same result within the stated error limits.  351 

Smith et al. [40] performed laboratory analyses of natural samples containing X-ray 352 

amorphous components using three different quantitation methods (Rietveld refinement, 353 

full pattern fitting analysis and mass balance calculations) and compared them to a com- 354 

monly used quantitative XRD method using internal standards. Amorphous abundance 355 

and amorphous composition measurements were found to be comparable for all methods. 356 

Results from CheMin analog methods were comparable to quantitative XRD results using 357 

internal standards. These results suggest that the amorphous abundances and composi- 358 

tions determined with CheMin XRD data and APXS bulk compositional data are reason- 359 

ably accurate, albeit with the caveat that the structure of the amorphous component(s) 360 

(and therefore the scattering distribution of the broad amorphous maxima) are unknown. 361 

Lattice parameters are not sensitive to the presence of minor or trace elements incor- 362 

porated in the minerals; without a correction, these elements measured in the bulk sample 363 
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would be assigned to the amorphous component. To correct for this, minor and trace ele- 364 

ments were measured from mineral phases found in Martian meteorites and added to 365 

their respective mineral phases in the samples analyzed on Mars. 366 

3. Major discoveries (“CheMin’s diary of discovery”) 367 

As of sol ~4100 (a martian sol, or day, is ~40 minutes longer than an Earth Day), 40 368 

drilled samples of sedimentary rock and 3 scooped samples of soil have been analyzed 369 

over the course of Curiosity’s 30+ km transect. These samples document the mineralogy 370 

of over 800 vertical meters of flat-lying fluvial, lacustrine, and occasional aeolian sedimen- 371 

tary rocks that comprise the lower strata of Mt. Sharp and the surrounding plains (Figure 372 

10). Table S1 lists the attributes of all samples analyzed to date, and Figure S1 shows im- 373 

ages of the drill holes and scooped samples. Figure 11 traces Curiosity’s path across the 374 

Bradbury Rise and its ascent up lower Mt. Sharp. The principal mineralogy of the rocks is 375 

basaltic, with evidence of early and late-stage diagenesis involving fluids. The rocks in 376 

many cases preserve much of their primary mineralogy and depositional sedimentary 377 

structures, suggesting that they were never strongly heated or deeply buried. Using the 378 

composition of present-day aeolian regolith as a proxy for the composition of the depos- 379 

ited and lithified sediment, it appears that in many cases the diagenetic changes that oc- 380 

curred were isochemical and the minerals present are authigenic. Exceptions include sec- 381 

ondary nodules and crystal dendrites, calcium sulfate veining, silica enrichment of the 382 

amorphous component in Mt. Sharp sedimentary strata and Si-rich alteration halos. A 383 

striking hematite-rich feature in lower Mt. Sharp called Vera Rubin ridge is interpreted to 384 

be lake sediment subject to relatively enhanced diagenesis in comparison with adjacent 385 

age equivalent strata. A surprising and still poorly understood observation is that all the 386 

~3.5 Ga sedimentary rocks analyzed to date contain 15-70 wt.% X-ray amorphous material. 387 

Overall, the >800-meter section of sedimentary rock explored in lower Mt. Sharp docu- 388 

ments a perennial shallow lake environment grading upward into alternating lacus- 389 

trine/fluvial and aeolian environments. The present mineralogy of the sedimentary rocks 390 

is a result of depositional, early diagenetic, and late diagenetic alteration occurring over 391 

hundreds of millions of years.  Taken together, the sedimentology and mineralogy of the 392 

strata appear to document the drying out and oxidation of the Mars surface environment 393 

in Hesperian time (3.7-2.6 Ga). 394 

 395 

3.1. The Mineralogy and Composition of the Mars Global Soil 396 

Curiosity investigated three unconsolidated aeolian features during its traverse of 397 

Gale crater. Rocknest (RN) is an inactive near-recent sand shadow investigated by Curi- 398 

osity from sol 57 to sol 100 [41, 42, 43], Namib Dune (Gobabeb, GB) is part of the active 399 

Bagnold Dune Field that was investigated from sol 1164 to 1244 [44, 45] and the Mount 400 

Desert Island ripple field (Ogunquit Beach, OG), also part of the Bagnold Dune Field, was 401 

investigated from sol 1602 to 1660 [46, 47]. 402 

CheMin’s analysis of the scooped and sieved <150 µm grain size component of Rock- 403 

nest provided the first quantitative mineralogic analysis of Mars soil [41, 42, 43]. Rocknest 404 

is an accumulation of aeolian sediment deposited in the lee of a high relief cluster of rocks 405 

in the path of the wind (called a “sand shadow”). The surface is comprised of rounded 1- 406 

to 2-mm sand grains that form an armored surface ~2 to 3 mm in thickness. Beneath this 407 

armored surface, the bedform interior (analyzed by CheMin) consists of finer-grained ma- 408 

terial whose size distribution extends through the lower resolution limit of MAHLI im- 409 

ages (~30 µm per pixel [10]). Rocknest is similar to coarse-grained granule ripples encoun- 410 

tered at both Gusev crater and at Meridiani Planum by the MER Spirit and Opportunity 411 

rovers [48-51]. At Meridiani Planum, where a cratering record postdates the deposition of 412 

a field of pristine granule ripples, crater counting yields an estimated bedform age of 413 
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50,000 to 200,000 years [52]. If one assumes that the coarse-grained bedform armor at 414 

Rocknest was deposited by the same high-wind event (perhaps during the most recent 415 

period of Mars obliquity [53, 54]), the Rocknest sand shadow would have been inactive 416 

for that period of time as well. Figure 12 shows the first X-ray diffraction pattern returned 417 

from Mars, 100 years after the discovery of X-ray diffraction by Max von Laue [55].   418 

Table 1 lists the APXS compositions of aeolian materials from RN and GB (MSL) 419 

compared with average soils from Meridiani Planum and Gusev crater (MER). The strik- 420 

ing similarity in composition between modern soil samples measured at various locations 421 

on Mars is compelling evidence that these materials represent a global soil average com- 422 

position [41- 43]. The mineralogy of soils analyzed by the MER rovers was determined 423 

from mid-IR spectral deconvolutions, normative geochemical calculations, and Möss- 424 

bauer spectroscopy [56-58]. The mineralogy of RN, GB and OG as determined by CheMin 425 

is chemically and mineralogically similar to that inferred for Martian basalts across the 426 

planet and broadly similar to estimates of the average Martian crust [59]. These basalts 427 

contain (or have normative chemical compositions consistent with) the minerals olivine, 428 

augite, pigeonite, and plagioclase feldspar. The mineral proportions of the crystalline 429 

components of RN, GB, and OG are virtually identical to those determined from norma- 430 

tive calculations for the unaltered Adirondack class basalts from Gusev crater [11, 56, 57] 431 

(Table 2). The compositions of plagioclase, olivine, augite and pigeonite from Rocknest 432 

and Gobabeb (determined from their refined lattice parameters [20, 26] shown in Table 3 433 

are a significant revision of those shown in [41] and are the preferred values. The molar 434 

Mg/(Mg+Fe) ratios for olivine and pigeonite in both samples are similar, permissive evi- 435 

dence that they formed in the same environment. However, the augite is distinctly more 436 

magnesian, and could not have formed in equilibrium with the pigeonite and olivine, sug- 437 

gesting that either the source basalts had a complex cooling history, or the pyroxenes came 438 

from different basalts [44, 45, 26]. It should be noted, however that the refined unit cell 439 

parameters and calculated crystal chemistries of pyroxenes in samples with more than 440 

one pyroxene species present have significant errors associated with them due to the rel- 441 

atively low 2θ resolution of CheMin.  442 

The fraction of RN soil <150 µm in particle size analyzed by CheMin contains ~80% 443 

crystalline material consistent with a basaltic heritage and ~20% X-ray amorphous mate- 444 

rial. The amorphous component of RN is iron-rich and silicon-poor, is the host of the vol- 445 

atiles (water, oxygen, sulfur dioxide, carbon dioxide, and chlorine) detected by SAM [60] 446 

and likely constitutes the fine-grained nanophase oxide component first described from 447 

basaltic soils analyzed by MERs [57]. 448 

 449 

3.2. Discovery and characterization of an ancient habitable environment on Mars 450 

In its first drilled sample, acquired on sol 192, Curiosity documented a section of 451 

fluvio-lacustrine strata at Yellowknife Bay (YKB), an embayment on the floor of Gale 452 

crater, approximately 500 m east of the Bradbury landing site (elevation, -4520 m) [61, 62]. 453 

X ray diffraction data from CheMin show that two powdered mudstone samples (John 454 

Klein (JK) and Cumberland (CB)) drilled from the Sheepbed member of this formation 455 

contain up to 20 wt% clay minerals. Figure 13a shows the bit of the percussion drill that is 456 

used to produce the powder, and Figure 13b shows the test drill hole (upper left) and the 457 

final drill hole (lower right) of JK (the diameter of the drill hole is 16 mm). Figure 13c 458 

shows the sieved powder held in the sample cup. A trioctahedral smectite, characterized 459 

as a ferrian saponite [28, 30, 63] is the only clay mineral phase detected in these samples 460 

(Figure 14). The mudstones are part of a section of the fluvio-lacustrine YKB formation, 461 

derived from erosion of rocks along the Gale crater rim, as confirmed by a bulk K-Ar age 462 

of 4.21 ± 0.35 Ga [64]. The stratigraphic relationships between the YKB formation and ei- 463 

ther the Peace Vallis fan or the strata of lower Mt. Sharp are uncertain. However, strata of 464 



Minerals 2024, 14, x FOR PEER REVIEW 10 of 74 
 

 

the YKB formation, including the clay mineral-bearing Sheepbed member post-date the 465 

Noachian-Hesperian boundary (~3.7 Ga) and are younger than the majority of clay min- 466 

erals documented on Mars from orbit [30, 65, 66].  467 

The clay minerals at YKB are interpreted to have formed in situ and indicate that 468 

paleoenvironmental conditions within the fluvio-lacustrine system were potentially hab- 469 

itable for life [30, 66]. The relatively low abundance of olivine (note: olivine is considered 470 

to be a contaminant from the previously drilled sample (RN) since it was not seen in CB, 471 

drilled 1 m away from JK) and enriched level of magnetite in the Sheepbed mudstone, 472 

when compared with regional basalt compositions derived from orbital data and directly 473 

determined from the Rocknest sand shadow suggest that clay minerals and magnetite 474 

formed in situ via aqueous alteration of olivine. Mass-balance calculations are permissive 475 

of such a reaction [28]. Early diagenetic fabrics (e.g., evidence of soft-sediment defor- 476 

mation, raised ridges in the sediment likely caused by volume expansion during clay min- 477 

eral formation, hollow sedimentary concretions, etc.) indicate that clay mineral formation 478 

occurred prior to lithification [66]. Thermodynamic modeling [28] suggests that the pro- 479 

duction of authigenic magnetite and Fe-saponite at surficial temperatures requires a mod- 480 

erate supply of oxidants, allowing circum-neutral pH. The sluggish kinetics of olivine al- 481 

teration at low temperatures imply the presence of fluids for thousands to hundreds of 482 

thousands of years.  483 

The mineral assemblage at JK (and CB), as well as the physical sedimentology of the 484 

Yellowknife Bay formation were found sufficient by the MSL team to identify a habitable 485 

environment in ~3.7 Ga lakebed sediments in Gale crater, the criterion for MSL mission 486 

success [66]. Other habitable environments have been discovered and characterized dur- 487 

ing Curiosity’s traverse through lower Mt. Sharp, both in the depositional environment 488 

(as in Yellowknife Bay), and in the shallow subsurface diagenetic environment. Indeed, 489 

the unexpected abundance and diversity of clay minerals in sedimentary rocks in Gale 490 

crater and the apparent longevity of this lacustrine sedimentary system indicate that near- 491 

surface aqueous alteration (and habitability) continued into the early Hesperian (~3.5 Ga) 492 

on Mars. Examples have also been found of post-depositional diagenetic alteration that 493 

would have destroyed evidence of a habitable environment had it existed. The conclusion 494 

is that mineralogy, contextualized with sedimentological observations, is quite capable of 495 

evaluating habitability in ancient rocks and elucidating post-depositional diagenetic 496 

changes that would preserve or destroy such evidence. 497 

 498 

3.3. Evidence for a Diverse Basalt Mineralogy on Mars 499 

Curiosity arrived at the Windjana drill site in the Bradbury group on sol 0623.  500 

Windjana, (WJ, elevation -4481 m), the fourth sample analyzed by CheMin, is the most 501 

potassic alkali-rich rock on Mars to be analyzed for its mineralogy by XRD. The source 502 

lithologies for WJ sediments represent a complex igneous province which includes (from 503 

their mineralogies) potassic trachyte, plagioclase-rich basalt (i.e., tholeiitic), and mafic bas- 504 

alt (i.e., shergottitic) [67]. This result implies that the northern rim of Gale crater, the source 505 

of these sediments, exposes an igneous complex that is at least as diverse as those found 506 

in similar-age terranes on Earth.   507 

Curiosity crossed the landing ellipse boundary and began to climb Mt. Sharp on 508 

sol 0753.  This ascent demarks the boundary between Bradbury Group rocks of the crater 509 

floor and the rocks of the Mt. Sharp Group (Fig. 10). 510 

3.4. Clay Mineral Diversity in the Sedimentary Strata of Gale crater 511 
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CheMin analyses within Gale crater have documented changes in the amounts and 512 

species of environmentally sensitive minerals including pyroxenes, sulfates, clay minerals 513 

and Fe-oxides as a function of stratigraphic position [29, 68]. There is also an observed 514 

increase in the chemical index of alteration (extent of alteration of mafic detritus) derived 515 

from geochemical analysis in the upper part of the Murray Fm. [69]. Coupled with the 516 

observed sedimentological changes (e.g., depositional, and early diagenetic features that 517 

indicate a shallowing of the lake and episodic lake desiccation [70, 71]), these mineralogi- 518 

cal changes document the drying out and oxidation of the local Gale crater environment. 519 

Because planet-wide orbital IR observations show similar sequences of mineralogical 520 

change, this is thought to be representative of the drying out and oxidation of the planet- 521 

wide Martian environment [29].   522 

In lower Mt. Sharp, clay minerals were found in virtually all analyzed samples. For 523 

samples in which clay minerals were not detected within the Mt. Sharp Group rocks, evi- 524 

dence of post-depositional diagenetic alteration is sufficient to explain their absence. For 525 

all but two clay mineral detections (in which the 02l band is either weak or obstructed by 526 

diffraction peaks from other minerals), the clay minerals can be identified as trioctahedral 527 

smectites, dioctahedral smectites, or mixtures of both. Rare exceptions include the sample 528 

Oudam (OU, sol 1363, -4435 m) which exhibited a peak at 9.6 Å, and the samples Kilmarie 529 

(KM, sol 2384, elevation -4155 m) and Groken (GR, sol 2912, elevation -4130 m) which 530 

exhibited a peak at 9.22 Å (in the case of KM and GR, a robust 10 Å smectite clay peak is 531 

present as well). Bristow et al. [29] characterized the 9.6 Å basal spacing clay mineral in 532 

OU as ferripyrophyllite, likely exogenous material transported into the crater as sedimen- 533 

tary detritus from older bedrock. However, analyses of samples drilled higher in the sec- 534 

tion at Vera Rubin Ridge identified clay minerals having a 9.6 Å basal spacing in mineral 535 

assemblages that would support in situ, diagenetic formation [72]. The 9.22 Å peak ob- 536 

served in the samples KM and GR is assigned to a mixed layer serpentine/talc [32] or min- 537 

nesotaite/greenalite [33]. Bristow et al. [29, 32] concluded that these clay minerals were 538 

likely exogenous material, transported into the crater as sedimentary detritus from older 539 

bedrock, whereas [33] postulated that the mixed-layer clay formed via groundwater-lake 540 

water mixing. 541 

The clay mineral changes observed going up-section from the Yellowknife Bay Fm. 542 

of the Bradbury Group into the Murray Fm. of the Mt. Sharp Group include a transition 543 

from trioctahedral to dioctahedral clay minerals. Figure 15 shows diffraction patterns of 544 

samples analyzed from JK (elevation -4520 m), Marimba (MB, elevation -4400 m) and Glen 545 

Etive 2 (GE, elevation -4120 m), representative of a 400 m thick section of flat-lying sedi- 546 

mentary strata, along with measured patterns for clay mineral standards SAz-1 (diocta- 547 

hedral), and SapCa-1(trioctahedral) (note: the MSL drill was not available between eleva- 548 

tions -4380 m and -4220 m; as a result no CheMin data were recorded from this interval). 549 

The position of the 02l band shifts from 22.5° to 23.1° 2θ CoKα (4.53 Å to 4.47Å), indicating 550 

a shift in the proportion of trioctahedral to dioctahedral smectite.  The formation of dioc- 551 

tahedral smectite clays from basaltic precursors or from preexisting trioctahedral smectite 552 

clays requires greater elemental mobility and more oxidizing conditions than those of the 553 

trioctahedral smectites seen in Yellowknife Bay [29]. In samples like Glen Etive (from the 554 

Glen Torridon region), which contain dioctahedral smectites exclusively, the position of 555 

the 02l band and derived unit cell lengths of smectite crystals along the b axis indicate that 556 

approximately half of the octahedral cations are Fe+3, with Al+3 filling the remaining sites 557 

[32]. Similar Fe+3-rich dioctahedral smectites are inferred to be mixed (albeit in varying 558 

proportions) with Mg-rich trioctahedral smectites in lower strata, based on the modeling 559 

of XRD patterns, SAM-EGA analyses of the same samples, and regional orbital IR obser- 560 

vations [29]. These authors argue that the observed mineralogical changes are early dia- 561 

genetic, perhaps occurring in the shallow subsurface prior to lithification.  Other miner- 562 

alogical changes include the removal of some of the more reactive minerals in the original 563 
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basaltic sediment (i.e., pyroxenes and olivine) and a change in the iron oxide mineralogy 564 

from magnetite (Fe2+3 Fe+2 O4) to hematite (Fe2+3O3).   565 

3.5. Early- and Late-stage Diagenesis in the Lower Murray Formation 566 

Curiosity reached Mt. Sharp on sol 0753. The lower Murray formation at the base of 567 

Mt. Sharp is comprised of finely laminated mudstone with near-horizontal laminae, de- 568 

posited in a subaqueous lacustrine environment [73]. Other depositional environments in 569 

this interval include sandstones interpreted as distal deltaic facies and fluvial facies dis- 570 

charging into the lake [74]. The lower Murray Formation is time equivalent to and inter- 571 

fingers with coarser-grained strata of the Bradbury group [75]. Primary depositional tex- 572 

tures are preserved such as fine-scale laminations in the mudstone facies; however, there 573 

is also evidence of early and late-stage diagenesis in the form of crystal molds, secondary 574 

crystallization, and calcium sulfate veins. The sediments could not have been deeply bur- 575 

ied or heated, as much of the primary mineralogy persists and depositional sedimentary 576 

features are preserved. In the Pahrump Hills – Marais Pass region, CheMin documented 577 

the loss of mafic igneous phases and clay minerals and the introduction of secondary di- 578 

agenetic minerals such as jarosite, suggesting the action of weakly acidic fluids [74]. Figure 579 

16 shows diffraction patterns obtained from the drill samples Confidence Hills (CH, sol 580 

0765, elevation -4460 m), Mojave 2 (MJ, sol 0885, elevation 4459 m), Telegraph Peak (TP, 581 

sol 0923, elevation -4454 m) and Buckskin (BK, sol 1062, elevation -4447 m). Table 4 (from 582 

[74] lists the mineralogical compositions of the four samples. Hematite is seen in abun- 583 

dance for the first time on the mission (and its detection marked Curiosity’s arrival at Mt. 584 

Sharp), magnetite is present in all samples (and in increased abundance in the TP sample), 585 

and pyroxenes are seen to decrease in abundance going up section. Phyllosilicates are 586 

present in small amounts in CH and MJ but absent in TP and BK. Relative to the Bradbury 587 

Formation rocks, the lower Murray Formation rocks exhibit an overall enrichment in SiO2. 588 

Bulk SiO2 abundance (from APXS), the SiO2 abundance of the crystalline component (from 589 

CheMin), and the SiO2 abundance of the amorphous component (bulk composition - crys- 590 

talline composition) all increase going up-section.  591 

Rampe et al. [74] hypothesized that sediments at the base of the Pahrump Hills were 592 

deposited in a lake with near pH-neutral waters. Initially deposited sediments contained 593 

magnetite. The refined unit cell of the magnetite (~8.35-8.36 Å) is decreased relative to 594 

stoichiometric magnetite (8.396 Å; e.g., [76]). The decreased unit cell length can represent 595 

vacancies in the structure, for example 3Fe+2 = 2Fe+3 + [ ] (e.g., [20] their Figure 9). Cation 596 

deficient magnetite can occur by leaching of Fe+2 from the structure with acidic solutions 597 

(pH 2-2.5; [77]). This cation deficiency supports the Rampe et al. (2017) [74] proposed 598 

model of diagenesis in acidic groundwater.     599 

Early diagenesis from multiple intrusions of groundwaters resulted in the dissolu- 600 

tion/transformation of original minerals and the precipitation of new minerals (oxidation 601 

of magnetite to hematite, precipitation of jarosite/natrojarosite (K,Na)Fe3(SO4)2(OH)6 and 602 

gypsum). Pore fluids were hypothesized to be mildly acidic and oxic [74] and mobilized 603 

minor elements such as Zn and Ni (identified by APXS) were precipitated as sulfate salts 604 

(Mg-Ni sulfate concretions) identified by ChemCam. An alternative view is expressed in 605 

[78] in which the sequence of observed mineralogical changes is viewed as primary rather 606 

than diagenetic, resulting from redox stratification in the lake. 607 

Radiometric K/Ar dating of the jarosite from MJ from the SAM instrument indicates 608 

that it was formed at 2.57 ± 0.39 Ga [79], thus documenting a long history of aqueous 609 

interactions in Gale crater sediments extending from the deposition of the Yellowknife 610 

Bay Formation to the deposition and diagenesis of the Murray Formation (a period of 611 

nearly 1 Gy).   612 
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At the top of the Pahrump Hills, crystalline silica phases were identified in abun- 613 

dance for the first time. TP and BK each contain significant amounts of the SiO2 polymorph 614 

cristobalite, and the BK sample collected at Marais Pass, (surprisingly) contains the SiO2 615 

polymorph tridymite [22]. On Earth, tridymite is found as a high-temperature low-pres- 616 

sure, vapor-deposited mineral associated with silicic volcanism (typical in continental 617 

crust settings as a consequence of plate tectonics). It was hypothesized in [22] that this 618 

material could have been washed into the lake as exogenous detrital volcanic material 619 

from an unknown silicic source (see also Yen et al. [80, 81] which proposes instead an in 620 

situ hydrothermal, fumarolic mechanism for formation). The mineralogy of the Buckskin 621 

sample is consistent with terrestrial fumarolic deposits, and the temperature could have 622 

been within tridymite’s thermodynamic stability field (>870°C) driven by a yet undetected 623 

subsurface volcanic heat source. However, there is no sedimentological evidence in the 624 

localized strata indicating extremes of heat and primary bedding is in many cases pre- 625 

served. 626 

 It is clear that a late-stage diagenetic event occurred which involved silica-rich flu- 627 

ids (probably associated with the alteration halos observed in Stimson Fm. aeolian sand- 628 

stone described in Section 3.6). The petrogenesis of tridymite therefore remains an open 629 

question and may be associated with this late-stage diagenetic event in a paragenetic 630 

mode not seen on Earth. 631 

3.6. Si-rich Alteration Halos in the Stimson Formation Aeolian Sandstone 632 

In the Marais Pass area at the top of the Pahrump Hills, Curiosity first encountered 633 

and drilled the Stimson Formation, an aeolian sandstone overlying the Murray Formation.  634 

Where it has not been removed by erosion, the Stimson sandstone is observed as a cap 635 

rock that truncates bedding in the Murray formation, thus defining a disconformity be- 636 

tween the two units [82-84]. Watkins et al. [82] noted that the discovery of this discon- 637 

formity reveals what constitutes the rock cycle on Mars, a planet in which plate tectonics 638 

is not an active geologic agent: Older lacustrine sediments (Murray Fm.) are deposited, 639 

lithified, and eroded. Younger aeolian sediments (Stimson Fm.) are deposited over the 640 

eroded Murray Fm. and are then themselves lithified. The entire sequence is then eroded 641 

and exhumed by aeolian abrasion over an extended interval of time up to the present. The 642 

lithified aeolian sandstones of the Stimson are seen to extend laterally for kilometers, and 643 

vertically through nearly 400 meters of flat-lying Murray Formation strata up to the 644 

Greenheugh pediment, an erosional remnant of the Stimson [84]. 645 

Light-toned, fracture-associated alteration halos crosscut both the Murray For- 646 

mation and the overlying Stimson Formation in the vicinity of Marais Pass [85], e.g, Figure 647 

17. CheMin performed mineralogical analyses of the parent rock and the fracture-associ- 648 

ated alteration halos at Big Sky / Greenhorn (BS, sol 1122 (parent Stimson) / GH, sol 1140 649 

(altered Stimson), elevation -4460 m); and Okoruso / Lubango (OK, sol 1335 (parent Stimp- 650 

son) / LB, sol 1325 (altered Stimpson), elevation -4450 m). Figure 18 shows the BS and GH 651 

diffraction patterns as well as a diffraction pattern from Edinburgh (EB, sol 2715, elevation 652 

-4060 (parent Stimson)), a sample drilled from the Greenheugh pediment ~400 m higher 653 

in the section than BS. Dotted lines denote the differences between what is likely the most 654 

pristine Stimson (ED), slightly altered Stimson (BS) and highly altered Stimson (GH). Ma- 655 

jor mineralogical changes include the overall loss of pyroxene in altered Stimson, the pres- 656 

ence of olivine in EB (likely an original mineral of the parent sandstone) and its absence 657 

in BS and GH, and the presence of a major amount of anhydrite in the altered Stimson 658 

(GH). Table 5 lists the mineral abundances for each. The mineralogical changes in the frac- 659 

ture-associated halos require multiple aqueous alteration stages with fluid chemistries en- 660 

compassing a wide range of pH. Significant mineralogical changes include the dissolution 661 

of original basaltic mineral components (plagioclase, pyroxenes) resulting in the passive 662 
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enrichment of silica, but mass-balance calculations from APXS data suggest that addi- 663 

tional silica and sulfate were incorporated as well [85]. Amorphous silica enrichment and 664 

calcium sulfate veining are pervasive features of the Murray Formation, the former with- 665 

out disruption of original sedimentary features, and the latter commonly crosscutting 666 

them. Calcium sulfate veining occurred both before deposition of the Stimson Formation 667 

[82] and after the Stimson Formation was deposited and lithified [85]. Silica enrichment 668 

appears to be the latest diagenetic change observed by Curiosity in Mt. Sharp rocks, occur- 669 

ring after the lithification of the Stimson Formation. The silica-rich fluids must have been 670 

introduced at some depth, since the alteration halos seen in the Stimson sandstone at Ma- 671 

rais Pass result from exposure of the host Stimson to diagenetic fluids emanating from 672 

veins under confining pressure. Yen et al.  [81] presents evidence that these halos are hy- 673 

drothermal in origin, associated with the same fluid system that formed the tridymite in 674 

BK. Yen et al.  [81] proposes that the high silica crystalline and amorphous components 675 

found in the Buckskin drill sample Murray Fm. formed through similar processes involv- 676 

ing in situ hydrothermal silicification. 677 

3.7. Vera Rubin Ridge and the Glen Torridon Region 678 

The most striking features observed in orbital IR images of Gale crater prior to the 679 

arrival of MSL-Curiosity (and indeed, a principal reason for choosing Gale as Curiosity’s 680 

landing site) are the juxtaposed hematite-rich and phyllosilicate-rich layers on lower Mt. 681 

Sharp that transition upslope into a sulfate-rich horizon (Figures 2 and 19). These minerals 682 

either require liquid water for their formation or contain water in their structures.  Be- 683 

cause similar mineral sequences have been observed planet-wide in overfilled and ex- 684 

humed craters like Gale [5], it was hypothesized that the local conditions that existed in 685 

Gale crater during their formation may be representative of planet-wide environmental 686 

events. It is noteworthy that CheMin has identified clay minerals and Fe-oxides along Cu- 687 

riosity’s entire transect up to this point in Gale crater, not just in regions where these min- 688 

erals were detected from orbit. Orbital IR spectra can be obscured by a few microns of 689 

dust, highlighting the need for in situ observations by mineralogy instruments such as 690 

CheMin. However, the Fe-oxides in Vera Rubin ridge (the hematite-rich exposure) and 691 

the phyllosilicates in Glen Torridon (the phyllosilicate-rich exposure) are present in the 692 

highest concentrations measured by CheMin in Gale crater. 693 

3.7.1. Vera Rubin Ridge 694 

Curiosity arrived at Vera Rubin ridge (VRR), the erosion resistant, hematite-rich 695 

feature identified from orbit, and drilled the Stoer sample (ST, sol 2136, elevation -4170 m) 696 

at a location near the strongest hematite spectral signature seen from orbit, followed by 697 

two other VRR samples, Highfield (HF, sol 2223, elevation -4147 m) and Rock Hall (RH, 698 

sol 2261, elevation of -4144 m). A fourth sample, Duluth (DU, sol 2057, elevation -4192 m) 699 

was drilled immediately below VRR in a region that lacked the strong orbital hematite 700 

spectral signal for comparison. The drill tailings from the four samples are markedly dis- 701 

similar in appearance (Figure 20) due to mineralogical differences, compositional differ- 702 

ences, and the presence of nanophase hematite. Mineralogical compositions of the four 703 

samples are shown in Table 6. 704 

The continuity of primary sedimentary features (e.g., bed forms, fine-scale lamina- 705 

tions, etc.) above, below, and within VRR demonstrates that the ridge is part of the Murray 706 

Fm. mudstone; diagenetic features that define the ridge are seen to crosscut Murray Fm. 707 

depositional features. The differences in FeOx crystallinity, the composition of the X-ray 708 

amorphous component, and the overall mineralogy of VRR samples (ST, HF, RH) vs. “typ- 709 

ical” Murray Fm. mudstone directly below the ridge (DU) can be used to constrain the 710 

nature of the diagenetic event(s). For example, while hematite is known to form in a vari- 711 

ety of thermal and chemical environments on Earth and is present in all four samples, its 712 

origin can be constrained based on crystallography. The FWHM resolution of CheMin is 713 
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~0.35° 2, with the result that the Scherrer equation [27] can be used to determine crystal- 714 

lite sizes smaller than about 40 nm [74]. The FWHM of the hematite (110), (104) and (113) 715 

peaks in the VRR samples match the 2θ resolution of the instrument so that the crystallite 716 

size must be larger than this (and the gray color of the HF sample suggests that there are 717 

localized regions of coarse-grained hematite). However, the FWHM of hematite (104) in 718 

DU is 0.66° 2θ, yielding a crystallite size of ~18 nm [74]. Szczerba et al. [86] measured the 719 

FWHM of hematite diffraction maxima in 20 drilled samples analyzed with CheMin. The 720 

smallest crystallite sizes (~3 nm) were found in drilled samples highest in the section 721 

(above VRR), while the largest (~40 nm) were in the lower sections (and in VRR, whose 722 

crystallites were too large to be measured by line broadening). Figure 21 shows the 2θ 723 

region of the DU and HF patterns that contains hematite (104), hematite (110) and hema- 724 

tite (113) maxima. The smaller hematite crystallite sizes in DU and other Murray Fm sam- 725 

ples (exclusive of VRR) implies a nanophase precursor (e.g., ferrihydrite or goethite), typ- 726 

ically formed at low temperatures. The coarser hematite crystallite sizes in VRR may have 727 

been a result of warmer temperatures involving Ostwald ripening and/or the aggregation 728 

of smaller hematite particles in saline solutions. 729 

The compositions of the X-ray amorphous components of these samples provide 730 

additional evidence: The X-ray amorphous component of DU contains an especially high 731 

concentration of FeOt, suggesting the presence of an X-ray amorphous Fe phase such as 732 

ferrihydrite. In the VRR samples, Fe in the X-ray amorphous component is more highly 733 

correlated with sulfate and elevated SiO2 concentrations. Indeed, in the ST sample, all Fe 734 

is taken up in the crystalline component. 735 

Taken together, mineralogical observations within VRR suggest localized post- 736 

lithification diagenesis of the Murray sediments involving acidic or high-salinity ground- 737 

water fluids with elevated sulfate content [72]. Alternative hypotheses have been pre- 738 

sented, for example the interaction of lake waters with sub-surface ground water in the 739 

mixing zone prior to lithification [33], or the dissolution of silicate minerals by dense silica- 740 

poor brines [32]. 741 

3.7.2. Glen Torridon region 742 

Globally, a wide variety of clay minerals has been identified from orbit in ancient 743 

rocks (e.g., [87, 88]. In some occurrences, clay minerals are associated with what are inter- 744 

preted to be paleosol sequences (ancient soil horizons), for example at Mawrth Vallis (e.g., 745 

[89]), or as detrital or authigenic clays in the distal facies of deltaic sediments and lacus- 746 

trine deposits [90, 91]. Gale crater was chosen as MSL’s landing site in part based on orbital 747 

IR detections of clay minerals in the Glen Torridon region that were interpreted to be 748 

strata-bound deposits of sedimentary origin. CheMin’s in situ analyses of Gale crater sed- 749 

iments have in fact shown that clay minerals are ubiquitous throughout at least 400 m of 750 

sedimentary rock from Yellowknife Bay in the Bradbury Fm. to Glen Torridon in the Mur- 751 

ray and Carolyn Shoemaker Fms., all occurring in lacustrine and fluvial mudstones/sand- 752 

stones. These observations inform and provide ground truth for earlier studies based on 753 

orbital infrared imagery and reflectance spectra that proposed multiple hypotheses for 754 

clay mineral paragenesis [65, 92]. 755 

Curiosity analyzed eight different drill samples from the Glen Torridon region, 756 

both in the Murray Fm. and the overlying and conformal Carolyn Shoemaker Fm. (The 757 

Carolyn Shoemaker Fm., which first appeared in the GT region is principally a sandstone, 758 

interpreted as a higher energy fluvial or near-shore environment relative to the Murray 759 

Fm. mudstone. The primary igneous mineralogy, type and amount of clay minerals pre- 760 

sent, amount and composition of the X-ray amorphous component, etc. are not strikingly 761 

different from other samples of the Murray mudstone, with the exception of phases that 762 

appear to be the result of late-stage diagenesis, for example hematite, jarosite, and the 763 

silica-rich amorphous component found in the Pahrump Hills – Marias Pass region.   764 
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Figure 22a shows four representative diffraction patterns of samples from Glen 765 

Torridon: Aberlady (AB, sol 2370, elevation -4160 m), Kilmarie (KM, sol 2384, elevation - 766 

4160 m), Mary Anning 3 (MA3, sol 2888, elevation -4130 m) and Groken (GR, sol 2912, 767 

elevation -4130 m). Figure 22b shows the 2θ region of the (001) clay mineral maximum in 768 

these patterns. In addition to the 10Å (001) maximum due to collapsed smectite, an addi- 769 

tional sharp maximum at 9.22 Å is seen in the patterns. The CheMin team searched the 770 

entire American Mineralogist Crystal Structure Database [94] but did not find a conclusive 771 

match, based on both diffraction data and elemental composition. Two hypotheses have 772 

been proposed: Bristow et al. [32] hypothesized a mixed-layer serpentine/talc based on 773 

extensive modeling (e.g., [32] supplementary materials) and considered it to be sedimen- 774 

tary detritus transported in from the erosion of older bedrock.  Thorpe et al. [33] argued 775 

that this phase is a mixed-layer clay mineral (greenalite-minnesotaite, G-M) formed in situ, 776 

a result of the mixing of lake waters with subsurface fluids. Given the low concentration 777 

of this phase in Glen Torridon rocks (2.8 wt % in KM), the resolution of these two models 778 

will have to rest on sedimentological interpretations, perhaps augmented by future obser- 779 

vations. Figure 22c shows the 02l region of these patterns, demonstrating that the predom- 780 

inant clay mineral present in Glen Torridon is fully dioctahedral Fe+3-rich smectite. 781 

3.7.3. Brine-driven Destruction of Clay Minerals in Vera Rubin Ridge 782 

As described in Section 3.7.1, sedimentological observations during Curiosity’s 783 

transect through the VRR and GT regions demonstrate that VRR is diagenetically altered 784 

Murray Fm. mudstone. Orbital imagery indicates that the Murray Fm. and Carolyn Shoe- 785 

maker Fm. are conformably overlain by a ~400 m thick Sulfate-Bearing Unit (SBU) char- 786 

acterized as mono- and poly-hydrated magnesium sulfates (e.g., [6, 95]). Magnesium sul- 787 

fates are highly soluble and the supernatant brines resulting from Mg sulfate deposition 788 

would have been dense and silica-poor. Bristow et al. [32] propose a diagenetic mecha- 789 

nism for the local mobilization and recrystallization of iron from clay minerals in VRR, 790 

effected by the influx of dense, oxidizing silica-poor brines descending from the overlying 791 

sulfate bearing unit. These descending brines would cause local dissolution of clay min- 792 

erals and other silicates in VRR, leaving Fe-oxides and oxyhydroxides in their place. It 793 

follows that this diagenetic event must have occurred prior to lithification of the Murray 794 

Fm. sediments since there does not appear to be an unconformity between the Mur- 795 

ray/Carolyn Shoemaker Fm. units and the overlying SBU. This mechanism could also ex- 796 

plain calcium sulfate veining and secondary crystallization in the lower Murray Fm. be- 797 

low the VRR. 798 

Bristow et al. [32] suggest that top-down diagenesis of clay minerals by dense, sil- 799 

ica-poor brines, while rare on Earth, could be widespread on Mars. Orbital observations 800 

have shown that sulfate deposits similar to those seen in Gale crater are distributed planet- 801 

wide at a time when Mars was experiencing a shrinking hydrological budget and desic- 802 

cation of the surface environment [87]. 803 

3.8. Mineralogical Characterization of the Sulfate Bearing Unit 804 

One of the principal goals of the MSL mission is to investigate the transition from the 805 

phyllosilicate-rich strata of the Glen Torridon region to the overlying sulfate-rich strata of 806 

the Sulfate Bearing Unit (SBU) identified from orbital IR imagery [6, updated by [95]. This 807 

transition has been observed planet-wide in similar-aged terrains and was hypothesized 808 

by Bibring et al. [87] to evidence a change in climate from an early, relatively warm and 809 

wet Mars to a present-day cold and dry Mars. The juxtaposition of clay mineral, sulfate 810 

mineral and oxide mineral strata in sedimentary sequences on a global scale was seen to 811 

correlate with a notional understanding of the geological history of the planet (“Phyl- 812 

losian,” loosely correlated with the Noachian, 4.5-3.6 Ga; “Theiikian,” loosely correlated 813 

with the Hesperian, 3.6-2.6 Ga, and “Siderikian,” loosely correlated with the Amazonian, 814 

2.6 Ga – present [5, 87]. 815 
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 816 

3.8.1. The Clay Mineral – Sulfate Mineral Transition Region 817 

The MSL science team studied the sedimentology and geochemistry / mineralogy 818 

of rocks in the clay mineral – sulfate mineral transition region between Glen Torridon and 819 

the overlying Sulfate Bearing Unit (SBU) from sols 3052 to 3572. Curiosity collected six 820 

drill samples in the transition region: Nontron (NT, sol 3056 elevation -4073.5 m), Bardou 821 

(BD, sol 3113 elevation -4066.5 m), Pontours (PT, sol 3171 elevation -4041.2 m), Maria Gor- 822 

don (MG, sol 3232 elevation -4016.1 m), Zechstein (ZE, sol 3229 elevation -3992.0 m), and 823 

Avanavero (AV, sol 3517 elevation -3910.0 m). CheMin documented a decrease in clay 824 

minerals (indeed, all samples above PT lacked phyllosilicate), and goethite was detected 825 

for the first time in NT and increased in concentration from NT to AV. These mineralogical 826 

changes are proposed to be the result of a change from fluvial/lacustrine conditions to dry, 827 

aeolian conditions [96].   828 

 829 

3.8.2. The Sulfate Bearing Unit 830 

Curiosity is now investigating sulfate-bearing mudstones and sandstones of the SBU. 831 

The hydrated magnesium sulfate mineral starkeyite (the four-hydrate of MgSO4) was first 832 

identified in the drill sample Canaima (CA, sol 3614 elevation -3879 m) from an aeolian 833 

sandstone (Figure 23). Table 7 lists the eight known crystalline Mg-sulfate hydrate miner- 834 

als, in addition to amorphous MgSO4 (Am-MgSO4). The overall mineralogical composi- 835 

tion of CA is shown in Table 8. While the measured amount of starkeyite is low (2.3 wt.% 836 

of the total), the sample contains 62% X-ray amorphous material, with the result that stark- 837 

eyite comprises 8.2% of the crystalline phases present. In the 2nd and 3rd analyses (2 and 838 

12 sols respectively after the first analysis), starkeyite is below CheMin’s detection limit 839 

(<~0.3 wt %). For the duration of the analysis of CA, the temperature inside the rover body 840 

(and inside CheMin) varied from ~6-30° C resulting in a relative humidity (RH) <<0.1% 841 

[97]. It is known from experimental studies that many hydrated Mg sulfates lose their 842 

waters of hydration, and some revert to an amorphous state under these conditions [98- 843 

103]. Gypsum (CaSO4.2H2O) is also seen to decrease with a concomitant increase in bas- 844 

sanite (CaSO4.0.5H2O). This has been observed in previous samples that contain gypsum, 845 

and is described in [104, 105]. Rhyolitic glass and Am-MgSO4 were found to best fit the 846 

broad mid-range maximum in the pattern, but basaltic glass could also be present, since 847 

it has a scattering distribution similar to Am-MgSO4. Disordered silicates (palagonite, al- 848 

lophane and ferrihydrite) were used to fit the low 2θ (<10°) rise in the pattern. Chipera et 849 

al. [97] supported this diffraction-based result using mass balance calculations [40] from 850 

full-pattern fitting analysis of CheMin mineralogical data using FULLPAT [36, 37] 851 

(method fully described in [97] supplementary materials), bulk compositional data meas- 852 

ured by APXS [12, 106], and water content from ChemCam [107] i.e., see Table 9. Elevated 853 

MgO and SO3 in the amorphous component strongly suggest that Am-MgSO4 is present, 854 

with a calculated maximum abundance of ~28 wt%. The first night’s analysis of the CA 855 

sample occurred after half of a diurnal temperature cycle, and it is likely that the starkeyite 856 

abundance was in fact higher, some having reacted to Am-MgSO4 inside the rover before 857 

the first analysis was conducted [97]. 858 

At summer daytime temperatures on Mars, when the RH remains below a few %, it 859 

is likely that starkeyite will transform to Am-MgSO4. At lower temperatures (and higher 860 

humidity) such as nighttime and winter conditions, both starkeyite and Am-MgSO4 will 861 

be metastable, but the kinetics of transformation to more stable higher-hydrates are slug- 862 

gish [103]. Starkeyite and Am-MgSO4 will persist for durations longer than a Mars year 863 

and are the expected phases on the surface of Mars (see, for example Figure 8 of [97]. 864 

Kieserite, the one-hydrate of MgSO4 has been identified from orbit and has also been di- 865 

rectly detected by CheMin in Tapo Caparo (TC, sol 3755, elevation -3880 m). The detection 866 

of kieserite is puzzling since it should only form at temperatures above 50° C; further 867 
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analyses as Curiosity continues to climb the lower elevations of Mt. Sharp could provide 868 

some clues to its origin. 869 

Mg sulfate hydrates are sensitive environmental indicators. The first Mg sulfate hy- 870 

drate to form from a concentrated aqueous solution is either meridianiite or epsomite, 871 

depending on temperature [97] and would dehydrate stepwise under warmer and drier 872 

conditions to produce starkeyite. The Martian environment(s) under which these higher 873 

hydrates of MgSO4 were initially deposited (playa lake, efflorescence from subsurface 874 

brine, etc.) are not presently known because none of the detected sulfates appear to be 875 

primary. Once formed, aeolian weathering could have redeposited the sulfates in the 876 

sandstone sampled at Canaima. Mg sulfates are highly soluble; since the eolian sandstone 877 

hosting the sulfates is cemented, there must have been a cycle of wetting, drying and ce- 878 

mentation prior to the emplacement of the sulfates in their present form. 879 

3.9. The Ubiquitous Amorphous Component 880 

The aqueous dissolution of olivine, pyroxene and basaltic glass should have resulted 881 

in significant quantities of amorphous silica (e.g., opal-A) on an early warm and wet Mars 882 

[108]. This was validated when opaline silica was discovered by the MER rover Spirit at 883 

Meridian Planum in concentrations as high as 20% [109], by the MER rover Opportunity 884 

in Gusev Crater [110], and in a variety of locations from visible/near IR orbital data (e.g., 885 

[111]). However, it is enigmatic that amorphous materials are seen to persist in 3-3.5 Ga 886 

regolith on Mars, since in terrestrial settings, amorphous silica is uncommon in rocks more 887 

than a few million years old (e.g., [112]). Tosca and Knoll, (2009) [113] discuss “juvenile 888 

precipitates” – precipitates that have undergone little diagenetic modification since their 889 

formation on Mars and conclude that the anomalous preservation of silica could result 890 

from a water-limited environment following their deposition, or from differences in the 891 

styles of tectonism and sedimentation between Earth and Mars.  892 

Curiosity’s discovery that nearly all the ~3.5 Ga old sedimentary rocks analyzed to 893 

date at Gale Crater contain 15-70 wt.% X-ray amorphous material (e.g., [22, 30, 41, 44, 74, 894 

85, 114-117] only deepens this mystery. These amorphous materials could be glassy ma- 895 

terials in the true sense, such as basaltic glass, or nanophase materials having only short- 896 

range order. Calculations of the quantity and composition of amorphous components us- 897 

ing full pattern fitting (FULLPAT; [36]) and mass balance equations [40] introduce sys- 898 

temic inaccuracies that can affect the resulting values to some extent; nevertheless, ancient 899 

amorphous materials appear to be both abundant and ubiquitous on Mars.  900 

The calculated compositions of the amorphous components in Mars soil, and Bradbury 901 

Fm., Murray Fm., altered Murray Fm., Stimson Fm, altered Stimson Fm. and Sulfate Bear- 902 

ing Unit (SBU) rocks exhibit distinct differences both within and between formations and 903 

lithologic units [97, 116, 118]. The major chemical species common to all amorphous com- 904 

ponents are FeOt, SiO2 and SO3. Smith et al. [116] calculate the mixing relationship be- 905 

tween FeOt and SiO2 and conclude that the hypothetical compositional endmembers are 906 

inconsistent with a volcanic or impact glass origin – they must therefore be the result of 907 

aqueous processes.  This conclusion is supported by SAM-EGA data in which the volatile 908 

release temperatures of H2O and SO2 indicate that they are associated with the amorphous 909 

component (e.g., [60, 119]). Cross-cutting relationships between stratigraphic units sug- 910 

gest that the most SiO2 rich amorphous components result from interactions with local- 911 

ized fluids during late diagenesis. Low to moderate silica enrichments occurred during 912 

sediment deposition or early diagenesis. Table 10 lists the compositions of amorphous 913 

components in a representative sampling of rocks analyzed by Curiosity. 914 

Smith et al., [116] speculates that on Earth, amorphous materials are less likely to 915 

accumulate in the source-to-sink sedimentary rock cycle and are less likely to persist after 916 

burial (a consequence of plate tectonics). On Mars, conditions that existed during the dep- 917 

osition and diagenesis of amorphous materials appear to be more permissive of their 918 
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accumulation and preservation. However, the preservation of these amorphous materials 919 

for more than 3.5 Ga, a phenomenon unknown in terrestrial settings, remains a mystery.  920 

Smith et al. [118] explore the nature of the amorphous sulfur-bearing phases in Mur- 921 

ray Fm. sedimentary rocks. These authors report that 20 to 90% of the SO3 resides in the 922 

amorphous component, consistent with Mg-S, Fe-S and possibly Ca-S phases.   The SAM 923 

evolved gas analyzer (EGA) detects SO2 with release temperatures and peak shapes con- 924 

sistent with Fe- and Mg-sulfur bearing materials in most rocks analyzed prior to Curios- 925 

ity’s arrival at the Sulfate Bearing Unit.  Vaniman et al. [104] have shown that Gypsum 926 

transforms to Bassanite in the low RH environment of the CheMin instrument over a pe- 927 

riod of several sols, and Chipera et al. [97] have shown that Starkeyite (MgSO4 . 4H2O) 928 

transforms to amorphous MgSO4 . nH2O in a matter of a few hours. Smith et al. [118] argue 929 

that the amorphous sulfur-bearing phase(s) were likely crystalline and became amor- 930 

phous through dehydration in either the current Martian atmosphere or inside the Che- 931 

Min instrument. The fact that CheMin did not detect these phases means that they are 932 

either below CheMin’s detection limit (~1%), they were originally X-ray amorphous, or 933 

they became X-ray amorphous inside Curiosity prior to analysis by CheMin. 934 

4.0. Discussion and Conclusions 935 

As the first in situ crystallography instrument sent to another planet, CheMin has 936 

been responsible for a number of discoveries, many of which are described in Section 3. 937 

Three that are particularly noteworthy are highlighted below: 938 

1. Discovery and characterization of habitable environments on early Mars: This was 939 

one of the principal goals of the MSL mission and was achieved with the first drilled sam- 940 

ple at Yellowknife Bay. Requirements for habitability (“life as we know it”) include a 941 

source of the biogenic elements (H, C, O, N, P, S), a source of energy (minerals with vari- 942 

able redox states), high to moderate water activity, moderate temperatures and moderate 943 

to neutral pH. A surprising discovery is that through hundreds of meters of lacustrine 944 

mudstones, corresponding to 100’s of thousands to millions of years [75], these require- 945 

ments are satisfied, suggesting that habitable environments were common on early Mars. 946 

Mineralogical data are critical to the discovery and characterization of ancient habitable 947 

environments, and provide context for the morphologic, isotopic, and chemical data used 948 

to evaluate putative evidence of biogenicity. Equally important; post-depositional condi- 949 

tions of pressure, temperature, and chemical composition (P, T, X) – determined with a 950 

knowledge of the assemblage of minerals and mineral stability ranges - can through their 951 

actions preserve evidence of habitability or erase such evidence entirely.    952 

2. The paragenesis of clay minerals: Prior to Curiosity’s arrival in Gale crater, the 953 

paragenesis of clay minerals identified from orbital near-infrared reflectance spectra was 954 

poorly understood [5, 6, 65, 120]. CheMin mineralogical results in combination with sed- 955 

imentological observations demonstrate that (in all but two cases, whose origin is a matter 956 

of debate) the trioctahedral and dioctahedral smectites found were either authigenic or 957 

early diagenetic, formed in place in the sediments. CheMin data provided the ground 958 

truth for the orbital clay mineral detections at Glen Torridon, but clay minerals are also 959 

found in many areas in Gale crater traversed by Curiosity that do not exhibit clay mineral 960 

signatures in orbital data. 961 

3.  The ubiquitous presence of X-ray amorphous material in Gale crater sedimen- 962 

tary rocks: X-ray amorphous materials, whether they are glasses in the true sense, or 963 

nanophase materials that lack long-range order, are found throughout Gale crater’s sedi- 964 

mentary rocks. The discovery of amorphous materials in ~3.5 Ga on rocks Mars is con- 965 

founding, given that amorphous materials, inherently unstable, should crystallize in geo- 966 

logically short time periods. The amount and the elemental chemistry of the amorphous 967 

components vary in ways that suggest that they are the product of diagenetic events 968 

unique to the formations in which they are found. 969 

In the nearly twelve years that Curiosity has been investigating Gale crater, the MSL 970 

science team has studied and documented over 800 vertical meters of flat-lying strata 971 
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deposited and diagenetically altered on lower Mt. Sharp (e.g., Figure 10 and [75]). The 972 

sedimentology of these rocks reveals what in effect constituted the rock cycle on early 973 

Mars: in the absence of plate tectonics, sediments were deposited in fluvial, lacustrine and 974 

aeolian environments, diagenetically altered and lithified.  Subsequent exhumation / ero- 975 

sion by aeolian forces was followed by the deposition of younger sediments which them- 976 

selves were diagenetically altered, lithified, and eroded [82].   977 

There is uncertainty as to the timing, quantity and mechanism(s) of sediment infil- 978 

ling of Gale crater. Malin and Edgett [4], and Day and Kocurek [121] suggest that the crater 979 

had been completely infilled with sediment and later partially exhumed by aeolian forces. 980 

Kite et al. [122] propose a model in which the central mound of Gale was the result of 981 

aeolian infilling, achieving the approximate shape and size that it is today. This result is 982 

supported by the measurement of shallow dips (~3°) of sedimentary layers in directions 983 

away from the mound center, suggesting that there were 3 to 4 km of pre-erosional strat- 984 

igraphic relief in the mound. Borlina et al., [123] utilize predicted thermal gradients and 985 

patterns of diagenesis (e.g., lack of evidence of the smectite to illite transition) to suggest 986 

that Yellowknife Bay sediments were never buried deeper than ~2 km. However, because 987 

the timing of the deposition of Yellowknife Bay sediments is not known with certainty, 988 

they could post-date the deposition of Mt. Sharp sediments. Lewis et al. [124] utilized 989 

accelerometers on the rover to measure the density of the sedimentary rock in lower Mt. 990 

Sharp and compared this result to calculated rock density based on CheMin mineralogy. 991 

These authors calculated a porosity of 40 ± 6%, and estimated from this measurement that 992 

the upper limit of burial of these sediments was 1600 - 1800 m.      993 

Palucis et al. [125] describe the physical sedimentology of Gale crater using orbital 994 

HiRISE (High Resolution Imaging Science Experiment) topographic data. These authors 995 

propose that there were at least three major lake stands within Gale crater, each persisting 996 

for perhaps 104 to 105 Earth years – all of which occurred after Mt. Sharp had attained its 997 

present size and approximate shape. The location and elevation of alluvial fans and deltas 998 

originating from the crater rim and from Mt. Sharp suggest that these lakes were as much 999 

as 700 meters deep, covering the lower flank of Mt. Sharp and much of the stratigraphy 1000 

traversed by Curiosity. The absolute ages of the lakes and the depositional events associ- 1001 

ated with them are not known with certainty, since many of the features are too small for 1002 

crater counting to be useful. From [125] and references therein, the age of Gale crater is 1003 

estimated to be ~3.8 to ~3.5 Ga, the age of the deposition of Mt. Sharp sediments and their 1004 

subsequent erosion ~3.5 to ~3.1 Ga, and the age of deposition of the lacustrine, fluvial and 1005 

aeolian sediments traversed by Curiosity ~3.3 to 3.2 Ga. The timing of two events known 1006 

with more certainty are the formation age of the detrital minerals in basaltic sediments of 1007 

the Yellowknife Bay Fm. (4.21 ± 0.35 Ga, [64]) and the diagenetic age of jarosite in the 1008 

Murray Fm. (2.12 ± 0.36 Ga, [79]). The latter suggests that subsurface aqueous diagenesis 1009 

persisted (or recurred) for ~0.5 Ga after the last lake system dried up. Taken together, one 1010 

can conclude that aqueous habitable environments (confirmed with mineralogical data) 1011 

existed for hundreds of millions of years, at a time when evidence for primitive microbial 1012 

life is found in rocks of equivalent age on Earth. 1013 

Given the complex depositional and diagenetic history of the sedimentary rocks trav- 1014 

ersed by Curiosity, it is perhaps not surprising that multiple and sometimes conflicting 1015 

hypotheses have been put forward to explain the same observations. Nevertheless, there 1016 

is no evidence that the sediments were ever deeply buried or extensively heated, and in 1017 

many cases, primary sedimentary structures and original mineralogy remain.  By way of 1018 

comparison: as a consequence of plate tectonics, nearly all terrestrial rocks of this age have 1019 

either been subducted and destroyed, or metamorphically altered to the extent that little 1020 

evidence remains of their provenance. Early Mars acts as a surrogate for early Earth in 1021 

this regard, in the study of environments habitable for, and perhaps inhabited by, early 1022 

life.  1023 

In the solar system, Mars is the only planet (other than Earth) that can be studied in 1024 

this way. Of the other terrestrial planets, Venus has a surface temperature of ~470 C with 1025 
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the result that any early sedimentary record would have been highly altered. In addition, 1026 

Venus has been extensively resurfaced so that no heavily cratered (i.e., ancient and unal- 1027 

tered) surfaces remain. The planet Mercury is a geochemical end member among the ter- 1028 

restrial planets, whose surface temperature varies from 430 C to -180 C. Little is known of 1029 

the mineralogy of Mercury because the surface lacks diagnostic spectral absorption fea- 1030 

tures in the UV-VIS region and spacecraft have never landed there. While future robotic 1031 

missions are envisioned to each of these planets in the coming decades [126], they will be 1032 

relatively short-lived landers (not rovers) and the ability to make scientific observations 1033 

will be limited by the extremes of the environments. 1034 

Hazen et al. [127] summarize what is currently known about the diversity and for- 1035 

mation modes of Martian minerals and make comparison to the mineral diversity and 1036 

mineral formation modes of Earth (e.g., [128, 129] and references therein). The Martian 1037 

data set includes results from both orbital and landed in-situ observations and measure- 1038 

ments from Martian meteorites. These authors conclude that the total mineral diversity of 1039 

Mars is an order of magnitude less than that of the Earth, largely due to the absence of 1040 

plate tectonics on Mars, and the presence of biologically mediated mineralization on the 1041 

Earth.   1042 

Curiosity’s in-situ mineralogical analyses with CheMin have shown a wealth of de- 1043 

tail not seen from orbit, and future missions of this type would undoubtedly provide more 1044 

insights into Martian mineral diversity and mineral paragenetic modes. Dozens of geo- 1045 

logically diverse and scientifically compelling landing sites have been identified and char- 1046 

acterized from orbit as a result of the MER, MSL, and Mars 2020 site selection workshops 1047 

[130-132]. To characterize the full mineralogical diversity of Mars, its early habitability, 1048 

and its potential to support in-situ resource utilization (ISRU) and eventual human explo- 1049 

ration, comprehensive in-situ science investigations are required at many diverse sites. A 1050 

follow-on landed mission to Mars, the Mars 2020 Perseverance rover, arrived in Jezero 1051 

crater in Feb. 2021 [133]. Perseverance is characterizing and collecting samples of rock and 1052 

regolith for possible return to Earth. The next proposed in-situ mission to Mars is the Mars 1053 

Life Explorer (MLE), a lander intended to drill and analyze a 2-meter-long core of rock. 1054 

CheMinX, a next generation powder XRD, is included in the strawman payload of that 1055 

mission [134, 135]. 1056 

For the next several decades, pending NASA approval of the MLE mission or Mars 1057 

Sample Return, CheMin data from MSL Curiosity will be the only in-situ quantitative min- 1058 

eralogy available from Mars. CheMin data are archived at the Planetary Data System Ge- 1059 

osciences Node (https://pds-geosciences.wustl.edu/missions/msl/chemin.htm) as are 1060 

SAM data (https://pds-geosciences.wustl.edu/missions/msl/sam.htm), APXS data 1061 

(https://pds-geosciences.wustl.edu/missions/msl/apxs.htm) and data from the other 1062 

MSL Curiosity instruments. The “Gale Crater Mineralogy and Geochemistry Sample Da- 1063 

tabase” [19] is a living repository of CheMin, SAM and APXS data for each analyzed sam- 1064 

ple, from which all raw data, sample descriptions, on-line analysis tools and open access 1065 

publications from the CheMin team can be downloaded. Figure 24 shows a screenshot of 1066 

two data fields from a single CheMin data record. QAnalyze (https://www.qana- 1067 

lyze.com/) is a cloud-based whole pattern fitting program that can be selected from within 1068 

each data record or accessed as a standalone application. If chosen from within the data- 1069 

base, QAnalyze will uplink the X-ray diffraction pattern for that sample as well as the list 1070 

of the CheMin team’s preferred AMCSD phases chosen for that analysis. The program 1071 

returns whole pattern fitting results, refined lattice parameters for each mineral, and al- 1072 

lows the user to add or subtract phases from the AMCSD database to try to improve the 1073 

fit. 1074 

MSL Curiosity will continue to climb Mt. Sharp for the coming Mars year (equivalent 1075 

to about two Earth years) and perhaps longer, and we anticipate that there will be eight 1076 

(or more) additional drilled sample analyses prior to mission’s end. Orbital images show 1077 

that many interesting features remain to be examined in detail on Curiosity’s journey. One 1078 

of Curiosity’s ultimate goals is a feature identified in orbital images called the “boxwork 1079 
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structure” [3, 136] comprised of decameter-scale polygonal ridges that appear to be early 1080 

diagenetic features formed in a subsurface phreatic groundwater zone [137].  The ridges 1081 

in the boxwork structure, which are on average 5 m in width are cemented fracture sys- 1082 

tems that are more resistant to erosion than the surrounding rock. The boxwork structures 1083 

are exposed at an elevation of -3620 ± 50 m and extend along bedding for at least 10 km at 1084 

this elevation [137]. These structures could be a “Rosetta Stone” for deciphering the late- 1085 

stage groundwater activity in Gale crater and globally, providing deeper insight into the 1086 

geology and conditions of habitability of early Mars. 1087 

The diffraction geometry of the CheMin instrument is identical to that used by Max 1088 

von Laue in his discovery of the nature of X-rays and their diffraction by crystals more 1089 

than a century ago. One could imagine that Dr. von Laue would be pleased (and very 1090 

surprised!) by how far his discovery has taken us. 1091 

  1092 
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 1093 

 

Figure 1. Color-coded topographic map of Gale crater, located near the Mars equator and sitting 1094 
astride the Mars dichotomy boundary.  The floor of the crater is -4650 m relative to the Mars datum 1095 
(average elevation on Mars).  MSL-Curiosity landed in the white area north of the central mound.  1096 
A black dot marks the approximate position of the landing site. 1097 

  1098 
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Figure 2. Oblique view, looking down on Gale crater from the North.  The landing ellipse is 20 x 6 1100 
km and represents the predicted landing area (Curiosity landed within 2 km of the center of the 1101 
ellipse).  While several CheMin analyses were performed within the landing ellipse, the rectangle 1102 
south and west of the site shows the area of most interest during the mission, and the inset shows 1103 
the mineral signals as seen from orbit. 1104 

  1105 
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Figure 3. The CheMin XRD/XRF instrument, 30x30x30 cm, 10 kg.  (a). The SA/SPaH delivers a 1107 
sieved aliquot of powdered rock or soil through the funnel located at the top of the instrument, 1108 
which penetrates the upper deck of the rover. (b). Internal components of the instrument (the image 1109 
is rotated 180° about the vertical axis from (a) for clarity). 1110 

  1111 
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 1113 

Figure 4. Geometry of the CheMin instrument. (a). Overall geometry of CheMin. (b). XRD 2θ plot 1114 
obtained by summing diffracted photons from the characteristic Kα line of the X-ray source (CoKα 1115 
X-rays colored magenta in (a). (c). X-ray energy-dispersive histogram (EDH) obtained by summing 1116 
all X-ray photons detected by the CCD, with fluoresced photons from the sample shown schemati- 1117 
cally in green and red in (a). 1118 

  1119 
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 1120 

 

Figure 5. CheMin cell geometry.  (a). Exploded view of dual-cell assembly, showing windows, tun- 1121 
ing-fork assembly and piezodriver.  (b). Assembled cell, ready for testing (Yellow Kapton window 1122 
on left, clear mylar window on right).  (c).  The CheMin sample wheel, showing the location of 1123 
sealed standard cells and open cells used for powder samples delivered by the SA/SPaH system.  1124 
The cells are filled and analyzed at the top, then rotated 180° and emptied into a sump at the bottom 1125 
of the instrument. 1126 

  1127 



Minerals 2024, 14, x FOR PEER REVIEW 28 of 74 
 

 

 1128 

 

Figure 6. Measured FWHM peak widths for CheMin’s five standards (symbols) vs. ray-tracing 1129 
results for 175 µm and 260 µm sample widths that best bracket the measured data.  Cell windows 1130 
are mounted on either side of a 170 µm spacer in the cell, yielding a nominal sample thickness of 1131 
170 µm. However, piezovibration during analysis causes the windows beat like a drum, which 1132 
increases the effective sample thickness in some cases. 1133 

  1134 
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Figure 7. Energy-dispersive histogram (EDH) of the ceramic standard analyzed during Cryo-Vac 1136 
testing of the CheMin instrument on Earth. RAMP (Rover Avionics Mounting Platform) held at - 1137 
30° C and CCD at -60° C, 7 torr of Argon used to simulate the Mars atmosphere. 1138 

  1139 
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Figure 8. 2D diffractograms of the Gore Mountain amphibole standard (analyzed during CryoVac 1141 
testing of the CheMin instrument on Earth.  (a).  Stack of 180 individual 10 second frames of data. 1142 
(b). EDH from a single 10-second frame of data. (c).  Stack of 10 minor frames of energy selected 1143 
CoK data. (d).  XRF spectrum from 10 minor frames of data. (e).  Major frame of 10 summed 1144 
minor frames of energy selected CoK data. (f). 1D diffractogram from (e).    1145 

  1146 
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Figure 9. Comparison of Film mode vs. energy selected CoK mode CheMin 2D data.  (a) Minor 1148 
frame (sum of 180 10-second images) of raw energy data. (b). Sum of 6 minor frames of energy 1149 
selected CoK data. 1150 
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Figure 10. Stratigraphic column of units investigated by Curiosity from Yellowknife Bay to the Sul- 1151 
fate Bearing Unit. Black dots denote drilled samples (Table S-1 lists the attributes of all samples 1152 
analyzed to date). Figure credit: the MSL sedimentology and stratigraphy working group.   1153 



Minerals 2024, 14, x FOR PEER REVIEW 33 of 74 
 

 

 

Figure 11. Plan view of Curiosity’s 12-year journey across Gale crater. Drilled rock samples are 1154 
shown in white, scooped aeolian soil samples are shown in yellow. 1155 
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Figure 12. First X-ray diffraction pattern to be returned from Mars. (a). colorized 2-D pattern. (b). 1- 1156 
D pattern obtained from (a), most intense peaks of major minerals shown (Pl = plagioclase feldspar, 1157 
An = anhydrite, Px = pyroxene, Ol = olivine, M = magnetite). 1158 

  1159 
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Figure 13. (a). Percussion drill bit used to drill and collect samples (16 mm dia.).  Powdered mate- 1161 
rial is retained in the drill stem and transferred to the SA/SPaH system for sieving.  (b). Image of 1162 
shallow (1 cm deep) test drill hole (left) and the sampled drill hole (6.5 cm deep) from John Klein.  1163 
(c). John Klein drill sample in the scoop reservoir before sieving to <150 µm (note red residue pow- 1164 
der in the scoop which is contamination from the previous sample (Rocknest)).  The delivered sam- 1165 
ples typically contain ~3% contamination from the previously drilled sample [30]. 1166 
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Figure 14. Diffraction pattern of John Klein, showing the position of the (001) reflection of smectite.  1169 
Inset: portion of the pattern that contains the (02l) diffraction band of smectite. The maximum at 1170 
22.5° 2 indicates that the clay mineral is trioctahedral.  Blue arrow denotes the turbostratic nature 1171 
of the 02l band, extending beyond the band maximum.  Phase assignments labeled for major peaks 1172 
(Pl = plagioclase feldspar, An = anhydrite, Px = pyroxene, M = magnetite, Ol = olivine) (redrawn 1173 
from [28] and [30]). 1174 
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Figure 15. Diffraction patterns of John Klein, Marimba and Glen Etive 2, showing transition from 1177 
trioctahedral smectite to dioctahedral smectite.  (a). Overall diffraction patterns showing clay min- 1178 
eral (001) reflection and 02l diffraction band.  Major mineral peaks labelled (Pl = plagioclase feld- 1179 
spar, An = anhydrite, Px = pyroxene, M = magnetite, H = hematite).  b).  21° to 25° 2 region of the 1180 
pattern, showing transition from trioctahedral to dioctahedral occupancy. Clay mineral standards 1181 
SAz-1 (dioctahedral) and SapCa-1(trioctahedral) shown for comparison. 1182 
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Figure 16. CheMin 1-D X-ray diffraction patterns of drill samples Cumberland Hills (CH), Mojave 1185 
(MJ), Telegraph Peak (TP) and Buckskin (BK) from the lower Murray formation. Major peaks are 1186 
labelled (C = cristobalite, H = hematite, J = jarosite, M = magnetite, Ph = phyllosilicate, Pl = plagio- 1187 
clase, Px = pyroxene, T = tridymite). 1188 
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Figure 17. (a). MastCam image of the disconformal boundary between Murray Fm. mudstone 1191 
(lower slope-forming unit) and Stimson Fm. aeolian sandstone (upper cliff-forming unit).  A white 1192 
dashed line marks the approximate position of the disconformity.  Light-toned material in the fig- 1193 
ure is of two types:  Anhydrite veins (light reddish-brown) that are terminated and crosscut by the 1194 
disconformity, and Si-rich alteration halos (white, marked with arrows) that extend through the 1195 
boundary (albeit with differing manifestations in the two units). (b). Silica-rich alteration halo in the 1196 
Stimson sandstone.  CheMin mineralogical analyses of the alteration halo and the parent sand- 1197 
stone provide information as to the nature of the late-stage diagenetic fluids that produced the al- 1198 
teration. 1199 

  1200 
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Figure 18. Diffraction patterns of Stimson Fm. sandstone.  Edinburg (EB), likely the least altered 1202 
Stimson sandstone, Big Sky (BS), slightly altered Stimson and Greenhorn (GH) pervasively altered 1203 
Stimson in the light-toned alteration halo.  Dotted lines identify major mineralogical changes to 1204 
the Stimson due to late-stage diagenetic alteration (Pl = plagioclase feldspar, B = bassanite, M = 1205 
magnetite, A = anhydrite, Px = pyroxene, H = hematite, Ol – olivine). 1206 
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Figure 19. CRISM (Compact Reconnaissance Imaging Spectrometer for Mars) image of the Vera 1207 
Rubin Ridge-Glen Torridon region of Mt. Sharp. 1208 
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Figure 20. Drill holes for Duluth (DU), Stoer (ST), Highfield (HF), and Rock Hall (RH). ST, HF, and 1209 
RH were drilled from Vera Rubin ridge, a hematite-rich ridge-forming feature seen from orbit, and 1210 
DU, which lacks the orbital hematite signature was drilled immediately below the ridge for com- 1211 
parison. 1212 
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Figure 21. Comparison of hematite (104), (110) and (113) diffraction maxima (marked as “H”) be- 1213 
tween DU, (Murray Fm. mudstone below VRR) and HF (altered Murray Fm. mudstone within 1214 
VRR). 1215 

  1216 
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Figure 22. Diffraction patterns of four of the eight samples drilled from the Glen Torridon region of 1218 
Gale crater.  (a). Overall patterns of Aberlady (AB), Kilmarie (KM), Mary Anning 3 (MA3) and 1219 
Groken (GK).  (b). Low 2 region showing the (001) maxima of clay minerals identified in Glen 1220 
Torridon.  All samples have the 10 Å (001) maximum typical of a collapsed smectite clay.  KM, 1221 
MA3 and GR also exhibit a sharp peak at 9.2 Å (the origin of which is a matter of debate; see dis- 1222 
cussion in the text). (c). 2 region of the 02l diffraction band of smectite clay minerals.  All clay 1223 
minerals are dioctahedral. 1224 
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Figure 23. Diffraction pattern from the first night of analysis of Canaima, in the Sulfate Bearing 1225 
Unit.  Low angle peak labelled Kapton is due to the cell window material.  Gp = gypsum, S = 1226 
starkeyite, Pl = plagioclase feldspar, B = bassanite, A = anhydrite, Px = pyroxene, H = hematite.  1227 
Broad scattering peak between 15° and 45° 2 and low angle rise below 10° 2 are due to X-ray 1228 
amorphous material which accounts for 62% of the sample (redrawn from [97]). 1229 
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Figure 24. A screenshot of a portion of a sample data record from the Gale Crater Mineralogy and 1230 
Geochemistry database ([19]).  1231 

  1232 
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Table 1. APXS compositions of modern basaltic soils in Gale crater, Meridiani Planum, and Gusev 1234 
crater normalized to 100% totals1 (after [41]).  1235 

 Gale2  Meridiani Gusev 

 Rocknest Gobabeb  Average3 Average3 

SiO2 43.02 47.90  45.7 ± 1.3 46.1 ± 0.9 

TiO2 1.19 0.88  1.03 ± 0.12  0.88 ± 0.19 

Al2O3 9.38 9.78  9.25 ± 0.50 10.19 ± 0.69 

FeOT 19.20 17.92  18.8 ± 1.2  16.3 ± 1.1 

MnO 0.42 0.37  0.37 ± 0.02 0.32 ± 0.03 

MgO 8.70 7.57  7.38 ± 0.29 8.67 ± 0.60 

CaO 7.27 7.30  6.93 ± 0.32 6.3 ± 0.29 

Na2O 2.70 2.75  2.21 ± 0.18 3.01 ± 0.30 

K2O 0.49 0.49  0.48 ± 0.05 0.44 ± 0.07   

P2O5 0.95 0.79  0.84 ± 0.06 0.91 ± 0.31 

Cr2O3 0.49 0.39  0.41 ± 0.06 0.33 ± 0.07 

Cl 0.69 0.50  0.65 ± 0.09 0.70 ± 0.16 

SO3 5.48 3.36  5.83 ± 1.04 5.78 ± 1.25 

Ni 456 504  457 ± 97 476 ± 142 

Zn 327 190  309 ± 87 270 ± 90 

Br 34 37  100 ± 111 53 ± 46 

  1236 
 1 Oxides and Cl are reported in wt. % and normalized to 100 %; Ni, Zn, and Br are 1237 

reported as ppm. 1238 
 2 Values from [20]. 1239 
 3 Values from [106]. 1240 

  1241 



Minerals 2024, 14, x FOR PEER REVIEW 48 of 74 
 

 

 1242 

Table 2. Adirondack, Rocknest, and Gobabeb mineral abundances (crystalline phases only) from 1243 
normative APXS data and Rietveld refinement and FULLPAT analyses of CheMin XRD data2 (after 1244 
[20,41]. 1245 

Location Gusev1 Gale2 

Sample Adirondack Rocknest Gobabeb 

Plagioclase 39 40.7(5) 36.5(8) 

Olivine 20 20.5(4) 25.8(4) 

Augite 15 18.1(13) 22.0(4) 

Pigeonite 15 12.3(12) 10.6(4) 

Magnetite 6 2.8(5) 2.1(2) 

Anhydrite ---- 1.4(3)c 1.3(1)3 

Hematite ---- 1.6(1)c 0.9(1)3 

Quartz 0 1.3(3)c 0.8(1)3 

Ilmenite 1 ---- 1.3(5)3 

Mg# 4 ---- 57(5) 56(6) 

Ca# 5 ---- 50(4) 63(5) 

 1246 

1 Normative calculation from APXS data 1247 
2 Abundances in wt. %; uncertainties reported as 1 1248 
3 At or below detection limit 1249 
4 Percent Mg in forsterite/fayalite 1250 
5 Percent Ca in plagioclase feldspar 1251 
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Table 3. Mineral formulas and associated errors (1) for the major minerals present in the Rocknest 1254 
and Gobabeb aeolian dunes (after [20, 138]). 1255 

Mineral Rocknest Gobabeb 

Plagioclase Ca0.49(4)Na0.51(4)Al1.49Si2.51O8 Ca0.63(6)Na0.37(6)Al1.63Si2.37O8 

Olivine Mg1.14(3)Fe0.86(3)SiO4 Mg1.08(3)Fe0.92(3)SiO4 

Augite Mg0.94(9)Ca0.72(4)Fe0.34(10)Si2O6 Mg0.89(8)Ca0.73(3)Fe0.38(9)Si2O6 

Pigeonite Mg0.97(8)Fe1.03(9)Si2O6 Mg0.95(12)Fe0.99(17)Ca0.06(8)Si2O6 

 1256 

 1257 

 1258 

 1259 

 1260 
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Table 4. Mineral and amorphous abundances of samples in the lower Murray formation measured 1263 
by CheMin, 2 errors are denoted in parentheses (after [74]). 1264 

Mineral Confidence Hills Mojave 2 Telegraph Peak Buckskin1 

Plagioclase 20.4(2.3) 23.5(1.6) 27.1(2.8) 17.1(1.2) 

Sanidine 5.0(0.7) -- 5.2(2.2) 3.4(0.7) 

Forsterite 1.2(0.7) 0.2(0.8) 1.1(1.2) -- 

Augite 6.4(2.2) 2.2(1.1) -- -- 

Pigeonite 5.3(1.7) 4.6(0.7) 4.2(1.0) -- 

Orthopyroxene 2.1(3.1) -- 3.4(2.6) -- 

Magnetite 3.0(0.7) 3.0(0.6) 8.2(0.9) 2.8(0.3) 

Hematite 6.8(1.5) 3.0(0.6) 1.1(0.5) -- 

Quartz 0.7(0.5) 0.8(0.3) 0.9(0.4) -- 

Cristobalite -- -- 7.3(1.7) 2.4(0.3) 

Tridymite -- -- -- 13.6(0.8) 

(H3O+, K+, Na+) Jarosite 1.1(0.7) 3.1(1.6) 1.5(1.8) -- 

Anhydrite -- -- -- 0.7(0.2) 

Fluorapatite 1.3(1.5) 1.8(1.0) 1.9(0.5) -- 

Phyllosilicate2 7.6 4.7 -- -- 

Amorphous 39.2±15 2 53 3 38.1±15 2 60 3 
 1265 
1 Values from [22]. 1266 
2 Values from FULLPAT analyses alone 1267 
3 Values from amorphous component calculations using CheMin and APXS results  1268 
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 1270 

Table 5. Mineralogical composition of Edinburgh (least altered Stimson sandstone), Big Sky (slightly 1271 
altered Stimson sandstone) and Greenhorn (highly altered Stimson sandstone within the light-toned 1272 
alteration halos, e.g., see Figure 17).  The large amorphous component in Greenhorn includes a pas- 1273 
sive enrichment of silica from dissolution of pyroxene and the addition of silica from the invading 1274 
diagenetic fluid. 1275 

 1276 

 

Edinburgh Big Sky  Greenhorn 

plagioclase 39.6 45.7 42.1 

tot. Px 27.6 30.2 12.3 

sanidine 04.6 1.7 -- 

magnetite 14.0 12.6 17.3 

hematite 00.5 3.6 6.0 

quartz  1.6 2.2 

forsterite 11.5 -- -- 

fluorapatite 00.02 1.4 -- 

anhydrite  1.5 16.1 

tridymite 1 -- 1.8 1 -- 

basanite  -- 4.0 

Total xtal. 100% 100% 100% 

% amorphous 20% 20% 65% 

 1277 

1Contamination from previous sample (Buckskin)  1278 
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Table 6. Mineralogical composition of Murray Fm. mudstone (Duluth) and diagenetically altered 1281 
Murray Fm. mudstone in the Vera Rubin ridge (Stoer, Highfield and Rock Hall).1   1282 

   Drilled Sample 

Phase Duluth Stoer Highfield Rock hall 

Plagioclase 27.1 (6) 23.2 (10) 19.9 (9) 20.2 (22) 

K-spar 3.2 (4) 1.6 (13) 1.6 (5) --- 

Pyroxene 4.5 (11) 3.3 (9) 4.2 (15) 9.1 (10) 

Hematite 6.1 (10) 14.7 (8) 8.5 (5) 2.9 (2) 

Magnetite 0.7 (4) 0.3 (3) 0.5 (5) --- 

Akaganeite --- 1.2 (7) --- 6.0 (5) 

Jarosite --- 1.0 (3) --- 2.3 (5) 

Anhydrite 1.7 (4) 3.1 (3) 3.5 (5) 11.2 (4) 

Bassanite 3.5 (3) 0.5 (2) 1.1 (3) --- 

Gypsum 0.1 (1) 2.4 (8) 2.2 (5) --- 

Quartz 1.0 (4) 0.7 (4) 0.5 (3) --- 

Fluorapatitea --- --- --- 1.3 (4) 

Phyllosilicate 15 (4) 10 (3) 5 (1) 13 (3) 

Opal-CT --- --- 4 (1) --- 

Amorphous 37 2 38 2 49 2 38 (8) 3 

1 1 errors reported in parenthesis, applied to the last decimal place 1283 
2 Minimum amorphous abundance based on mass balance calculations. 1284 
3 Amorphous abundance based on FULLPAT analysis. 1285 
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 1289 

Table 7. Known MgSO4 hydrate minerals and their formulae.   1290 

Mineral Formula 

Kieserite MgSO4 . H2O 

Sanderite  MgSO4 . 2H2O 

Starkeyite  MgSO4 . 4H2O 

Cranswickite  MgSO4 . 4H2O 

Pentahydrite  MgSO4 . 5H2O 

Hexahydrite  MgSO4 . 6H2O 

Epsomite  MgSO4 . 7H2O 

Meridianiite   MgSO4 . 11H2O 

Amorphous MgSO4 MgSO4 . nH2O (n varies from ~1 to 2) 

 1291 

  1292 



Minerals 2024, 14, x FOR PEER REVIEW 54 of 74 
 

 

Table 8. Mineralogical composition of Canaima. Amorphous abundances obtained using full pat- 1293 
tern fitting ([36], data from [97]. 1294 

Phase 1st night 3rd night 13th night 

Starkeyite   2.3 ± 0.3   0.1 ± 0.2 --- 

Andesine  16.9 ± 0.6  15.5 ± 0.6  18.0 ± 0.5 

Gypsum   4.0 ± 0.2   4.1 ± 0.2   1.5 ± 0.2 

Bassanite   0.4 ± 0.3   0.8 ± 0.4   1.76 ± 0.3 

Anhydrite   0.6 ± 0.3   1.0 ± 0.4   0.9 ± 0.5 

Hematite   4.7 ± 0.4   4.7 ± 0.6   4.8 ± 0.5 

Goethite   2.2 ± 0.6   2.2 ± 0.7   2.2 ± 0.6 

Quartz   0.5 ± 0.2   0.5 ± 0.3   0.5 ± 0.2 

Sanidine   3.2 ± 0.4   2.7 ± 0.6   3.4 ± 0.4 

Pyroxene   3.2 ± 1.1   3.4 ± 0.8   3.7 ± 1.1 

Amorphous MgSO4
.nH2O  19.4 ± 3.5  20.9 ± 3.5  20.0 ± 3.5 

Other Amorphous  29.5 ± 7.4  28.5 ± 7.1  28.7 ± 7.2 

Palagonite-Like Material  13.0 ± 3.2  13.0 ± 3.2  14.3 ± 3.6 

Total 100.0 100.0 100.0 

 1295 
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Table 9.  Oxide wt% composition of Canaima (bulk, crystalline component and amorphous component) 1297 

from [97]. 1298 

 1299 

 

Oxide 

Chemical analysis 

(Wt%)1,4 

Crystalline component 

(Wt%)2,4 

Amorphous component 

(Wt %)3,4 

SiO2 29.35 ± 0.37 14.1 ± 5.9 15.2 ± 5.7 

TiO2 0.77 ± 0.03 --- 0.77 ± 0.03 

Al2O3 5.67 ± 0.16 5.3 ± 2.2 0.4 ± 2.1 

Cr2O3 0.25 ± 0.01 --- 0.25 ± 0.01 

FeO(T) 15.5 ± 0.17 --- 8.7 ± 2.6 

FeO --- 0.4 ± 0.4 --- 

Fe2O3 --- 6.7 ± 2.9 --- 

MnO 0.18 ± 0.01 --- 0.18 ± 0.01 

MgO 9.16 ± 0.21 1.2 ± 0.6 7.9 ± 0.6 

CaO 4.25 ± 0.05 3.6 ± 1.5 0.7 ± 1.4 

Na2O 1.88 ± 0.12 1.2 ± 0.6 0.7 ± 0.5 

K2O 0.58 ± 0.02 0.3 ± 0.3 0.3 ± 0.2 

P2O5 0.75 ± 0.04 --- 0.75 ± 0.04 

SO3 16.48 ± 0.19 3.4 ± 1.4 13.0 ± 1.5 

Cl 1.09 ± 0.03 --- 1.09 ± 0.03 

H2O 14.20 ± 2.3 2.0 ± 0.8 12.1 ± 2.4 

1 Oxide wt% from APXS measurement of dump pile ([106]); H2O wt% from ChemCam ([107]). 1300 

2 Oxide wt% calculated from CheMin diffraction data using refined lattice parameter vs. composition 1301 

equations from [26]. 1302 

3 Oxide wt % of bulk sample, crystalline component and amorphous component, calculated using mass 1303 

balance calculations.  The composition of the amorphous component is obtained by subtracting the 1304 

composition of the crystalline component is subtracted from the bulk composition ([40]). 1305 

4 Precision errors are 1 values. 1306 

   1307 

 1308 

 1309 
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Table 10.  Composition of the amorphous components of selected aeolian soil, Bradbury Fm., 1312 

Murray Fm., Stimson Fm. and Sulfate Bearing Unit samples analyzed by CheMin.  RN = Rock- 1313 

nest, CB = Cumberland, MJ2 = Mojave 2, BK = Buckskin, BS = Big Sky, GH = Greenhorn, Ca = 1314 

Canaima.    1315 

 1316 

1Proportion of X-ray amorphous material in the sample 1317 

 1318 

 1319 

 1320 

 1321 

 1322 

 1323 

 1324 

 1325 

 1326 

 1327 

 1328 

 Soil Avg. 

(RN, GB) 

Bradbury Fm 

(CM) 

Murray Fm 

(MJ 2) 

Altered Murray 

Fm (BK) 

Stimson Fm 

(BS) 

Altered Stimson 

Fm (GH) 

Sulfate Bearing 

Unit (CA) 
Oxide % 

SiO2 37.50 25.557 55.725 75.9 24.133 63.525 30.5 

TiO2 2.711 3.659 2.487 2.18 6.587 1.537 1.54 

Al2O3 4.253 0.000 7.196 0 0.123 0.000 0.8 

Cr2O3 1.765 1.700 0.773 0.179 3.359 0.692 0.5 

FeOT 19.80 18.033 12.269 4.796 17.478 10.159 17.42 

MnO 1.568 1.086 0.831 0.161 2.641 0.211 0.4 

MgO 0.000 17.534 5.794 1.467 14.676 1.462 15.8 

CaO 4.085 11.119 0.000 2.145 0.000 5.470 1.4 

Na2O 4.387 1.658 1.819 1.15 6.030 2.076 1.4 

K2O 1.903 0.532 1.111 0.847 1.402 0.461 0.6 

P2O5 3.469 3.179 0.754 2.237 1.686 1.767 1.5 

SO3 16.13 11.544 10.342 7.75 17.076 11.934 26 

Cl 2.418 4.398 0.899 0.52 4.809 0.707 2.2 

F -- 0.000 0.159 0 0.049 0.000 --- 

Proportion1 0.28 0.26 0.47 0.558 0.14 0.64  
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Supplementary Materials: CheMin data as well as companion data from the SAM and APXS instruments on 1330 
MSL Curiosity are archived in and downloadable from the Gale crater Mineralogy and Geochemistry Sample 1331 
Database (doi: https://doi.org/10.48484/JN48-YW52 [19]), as well as sample descriptions, open access publica- 1332 
tions, mineralogical analysis tools, CIF files, etc. Figure S1 shows images of each of the drill holes and scooped 1333 
samples analyzed by CheMin. Table S1 lists the names of all samples and descriptive data for each. This is a 1334 
living repository of CheMin data and additional drill samples and analyses will be included as they are ob- 1335 
tained.  1336 

Author Contributions: The review paper summarizes the findings of numerous studies from the MSL team, in- 1337 
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Appendix A 1364 

 1365 
Figure S1. Images of drill holes and scooped aeolian material analyzed by CheMin to date. 1366 

 1367 

Table S1- Details of CheMin drill samples and scooped aeolian soil during the 12-year deployment of MSL Curiosity on 1368 

Mars. 1369 

 1370 

Analysis ID Mars area location 

Analysis 

type 

CheMin 

cell 

XRD Sol(s) of 

Analysis 

Drill 

Sol 

Elevation 

(m) 

Rocknest (4th 

Scoop) 

From Bradbury Landing to Glenelg 

Intrigue Scoop 1a Kapton 78 – 87 74 -4516.86 

Rocknest (5th 

scoop) 

From Bradbury Landing to Glenelg 

Intrigue Scoop 7a mylar 94 – 119 93 -4516.86 
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John Klein Yellowknife Bay Drill 13b mylar 195 - 272, 473-488 182 -4520.46 

Cumberland Yellowknife Bay Drill 12b mylar 282-432 279 -4520.24 

Windjana Kimberley Drill 13a mylar 623 – 694 621 -4478.55 

Confidence Hills Pahrump Hills, Murray formation Drill 12a mylar 765 – 785 756 -4460.62 

Mojave2 Pahrump Hills, Murray formation Drill 6a Kapton 884 – 894 867 -4459.71 

Telegraph Peak Pahrump Hills, Murray formation Drill 5b Kapton 922 – 949 905 -4453.51 

Buckskin Pahrump Hills, Murray formation Drill 14b Kapton 1061 – 1078 1060 -4447.04 

Big Sky Naukluft Plateau Drill 7b mylar 1121 – 1131 1116 -4434.42 

Greenhorn Naukluft Plateau Drill 8a mylar 1139 – 1148 1134 -4434.23 

Gobabeb Bagnold Dune Field Scoop 7a mylar 1227 – 1280 1224 -4423.76 

Lubango Naukluft Plateau Drill 8a mylar 1323 – 1330 1320 -4429.04 

Okoruso Naukluft Plateau Drill 7b mylar 1334 – 1346 1332 -4429.17 

Oudam 

Hartmann’s Valley member, Mur-

ray formation Drill 12a mylar 1362 – 1369 1361 -4435.68 

Oudam 13a 

Hartmann’s Valley member, Mur-

ray formation Drill 13a mylar 1375- 1387 1375 -4435.59 

Marimba2 

Karasburg member, Murray for-

mation Drill 8b mylar 1425 – 1436 1422 -4410.68 

Quela 

Karasburg member, Murray for-

mation Drill 5a Kapton 1470 - 1480 1464 -4379.26 

Sebina 

Sutton Island member, Murray for-

mation Drill 4b Kapton 1496 - 1507 1495 -4360.89 

Ogunquit Beach Bagnold Dune Scoop 1a Kapton 1832-1931 1829? -4299.95 
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Duluth 

Blunts Point member, Vera Rubin 

ridge Drill 13b mylar 2068-2095 2057 -4191.63 

Stoer 

Pettegrove Point member, Vera Ru-

bin ridge Drill 10a mylar 2141-2151 2136 -4170.39 

Highfield Jura member, Vera Rubin ridge Drill 10a mylar 2226-2242 2224 -4146.75 

Rock Hall Jura member, Vera Rubin ridge Drill 7b mylar 2264-2284 2261 -4143.69 

Aberlady Clay-bearing unit - Glen Torridon Drill 8a mylar 2373-2384 2370 -4157.79 

Kilmarie Clay-bearing unit - Glen Torridon Drill 9b mylar 2388-2400 2384 -4157.93 

Glen Etive 1 Glen Torridon Drill 8b mylar 2492-2503 2486 -4132.99 

Glen Etive 2 Glen Torridon Drill 8a mylar 2543-2555 2527 -4132.95 

Hutton Glen Torridon Drill 12a mylar 2672-2678 2668 -4095.84 

Edinburgh Glen Torridon Drill 7b mylar 2715-2723 2711 -4088.44 

Glasgow Glen Torridon Drill 7b mylar 2758-2774 2754 -4107.93 

Mary Anning Glen Torridon Drill 7a mylar 2842-2854 2828? -4128.06 

Mary Anning 3 Glen Torridon Drill 7a mylar 2888-2894 2870 -4128.06 

       

Groken Glen Torridon Drill 9a mylar 2912-2930 2910 -4127.91 

Nontron 

Clay mineral - Sulfate mineral tran-

sition region Drill 9a mylar 3058-3077 3056 -4072.91 

Bardou 

Clay mineral - Sulfate mineral tran-

sition region Drill 4a Kapton 3097-3113 3094 -4066.48 

Pontours 

Clay mineral - Sulfate mineral tran-

sition region Drill 1a Kapton 3172 3170 -4041.25 
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Maria Gordon 

Clay mineral - Sulfate mineral tran-

sition region Drill 1a Kapton 3232 3229 -4015.23 

Zechstein 

Clay mineral - Sulfate mineral tran-

sition region Drill 1a Kapton 3292 3289 -3991.11 

Avanavero 

Clay mineral - Sulfate mineral tran-

sition region Drill 15a Kapton 3517-3520 3512 -3920 

Canaima Sulfate Bearing Unit Drill 15a Kapton 3614 3612 -3880 

Tapo Caparo Sulfate Bearing Unit Drill 15a Kapton 3755 3752 -3860 

Ubajara Sulfate Bearing Unit Drill 15a Kapton 3825-3827 3823 -3800 

Sequoia Sulfate Bearing Unit Drill 1b Kapton 3982-3991 3982 -3760 

Mineral King Sulfate Bearing Unit Drill 2a Kapton 4113 4110  

 1371 
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