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Abstract: This study presents mineral composition estimates of rock and sediment samples analyzed
with the CheMin X-ray diffraction instrument on board the NASA Mars Science Laboratory rover,
Curiosity, in Gale crater, Mars. Mineral composition is estimated using crystal-chemically derived
algorithms applied to X-ray diffraction data, specifically unit-cell parameters. The mineral groups
characterized include those found in major abundance by the CheMin instrument (i.e., feldspar,
olivine, pyroxene, and spinel oxide). In addition to estimating the composition of the major mineral
phases observed in Gale crater, we place their compositions in a stratigraphic context and provide a
comparison to that of martian meteorites. This work provides expanded insights into the mineralogy
and chemistry of the martian surface.

Keywords: martian mineralogy; Gale crater; CheMin instrument; Mars Science Laboratory; crystal
chemistry; X-ray diffraction; mineral composition

1. Introduction

Mineralogical exploration of the martian surface has provided invaluable insights into
the habitability and geological history of Mars. Gale crater, the landing site of the NASA
Mars Science Laboratory (MSL) Curiosity rover [1], has been a focal point of investigation
due to its unique geologic setting and potential for understanding the past habitability
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of Mars. Gale crater is an impact basin formed ~3.8 Ga, and it was subsequently filled
with sediment by flowing water over a period of ~200 million years, resulting in layered
sedimentary rock representing a large swath of geologic time (~3.8–3.6 Ga for primary
emplacement and <3.0 Ga for secondary alteration [2]) during a warmer, wetter period
of Mars’s history [3,4]. The CheMin (Chemistry and Mineralogy) X-ray diffraction (XRD)
instrument on board Curiosity plays a crucial role in characterizing the mineralogy of
rocks and sediment of Gale crater [5–7]. CheMin has yielded significant scientific findings,
including the first definitive detection of water-bearing mineral phases (e.g., clay minerals,
gypsum), the prevalence and probable composition of X-ray amorphous materials, and the
first and only in situ estimates of martian mineral compositions [3,8–27].

The previous work of Morrison et al. (2018) [8,9] estimated the major element com-
positions of minerals analyzed by the CheMin instrument in Gale crater, including those
of olivine, plagioclase, alkali feldspar, pyroxene, spinel oxide, and alunite–jarosite group
minerals. This work developed the method to calibrate the CheMin instrument for these
fine-scale measurements and the crystal chemical algorithms with which mineral composi-
tions are estimated [3,7,11,20,21,24,27]. Likewise, these studies provided estimates of the
bulk crystalline composition of samples analyzed by CheMin, as well as thresholds on
the possible bulk amorphous composition [3,10,11,19,28]. In addition to expanding our
understanding of the mineralogy and mineral composition of the martian surface, this prior
research provided a foundation on which to explore and better understand the petrological
and geologic history of Mars [2,3,10–27,29–63].

In this study, we present an updated analysis of the mineralogy and crystal chemistry
of Gale crater based on new samples analyzed by the CheMin instrument. Herein, we
provide a comprehensive assessment of the compositions of major crystalline mineral
phases (>1–3 wt. % of the total sample; specifically, plagioclase, alkali feldspar, olivine,
clinopyroxene, orthopyroxene, and cubic spinel oxides) observed in all the Gale crater sam-
ples analyzed by CheMin to date. Through the application of crystal chemical techniques
and careful interpretation of the obtained results, this study expands upon our previous
research and provides a broader understanding of martian mineralogy and its crucial role
in unraveling the geological evolution of Gale crater and Mars at large.

2. Materials and Methods
2.1. CheMin Samples

The CheMin team has analyzed samples from 40 target regions during the traverse
through Gale crater and up Aeolis Mons (informally known as Mount Sharp) (Table 1), as
of March 2023. The targets are sedimentary in nature, with three being dune fields (i.e.,
Rocknest, Gobabeb, and Ogunquit Beach) from which the sample sediment was scooped
and the other 37 being sedimentary rocks, broadly mudstones, siltstones, and sandstones,
which were drilled to produce sample fines <150 µm. Each sample and target region
has been characterized according to its membership in the stratigraphic section of Gale
crater and Aeolis Mons, lithology, and elevation (Table 1). These samples and their targets
represent various fluviolacustrine and eolian environments; for more information on the
petrology and geology of the samples and target regions, see the references listed in Table 1.
Note that we adopt a concise error notation format to express uncertainties throughout. The
notation used is of the form x(σ), where x represents the central value of the measurement
and σ is the uncertainty in the last digit(s) [e.g., a reported value of 1.10(5) signifies a central
value of 1.10 with an uncertainty of +/− 0.05].
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Table 1. Gale crater samples analyzed by CheMin, as of March 2023, and their sample settings and characteristics.

Sample Abbr. Offset
(µm)

Clay
Abund.
(wt. %)

Total X-ray
Amorphous

Abundance (wt. %)
Sample Cell Sols

Analyzed
Sample

Type Lithology Elevation Depositional
Environment Stratigraphic Unit Ref.

Rocknest RN −53 -- 27(14) 7a (Mylar) 94–119 Scoop Eolian sand −4516 Modern eolian
(inactive)

Bradbury Landing
Dune Field [6,9]

John Klein JK −68 22(11) 28(15) 13b (Mylar) 196–273 Drill Mudstone −4519 Fluviolacustrine Yellowknife Bay
Formation [9,24]

Cumberland CB −70 18(9) 31(18) 12b (Mylar) 282–432 Drill Mudstone −4519 Fluviolacustrine Yellowknife Bay
Formation [9,24]

Windjana WJ −74 8.2(4) 20(11) 13a (Mylar) 623–694 Drill Sandstone −4481 Reworked eolian
and fluvial Kimberley Formation [9,21]

Confidence
Hills CH −74 7.6(4) 39(15) 12a (Mylar) 765–785 Drill Mudstone −4460 Fluviolacustrine Pahrump Hills, Murray

Formation [9,19]

Mojave 2 MJ −25 4.7(3) 53(15) 6a (Kapton) 884–944 Drill Mudstone −4459 Fluviolacustrine Pahrump Hills, Murray
Formation [9,19]

Telegraph
Peak TP −45 -- 27(15) 5b (Kapton) 922–949 Drill Mudstone −4453 Fluviolacustrine Pahrump Hills, Murray

Formation [9,19]

Buckskin BK −76 -- 50(15) 14b (Kapton) 1061–1078 Drill Mudstone −4446 Fluviolacustrine Pahrump Hills, Murray
Formation [9,19]

Big Sky BS −26 -- 20(10) 7b (Mylar) 1121–1131 Drill Sandstone −4434 Ancient eolian Stimson Formation [9,25]

Greenhorn GH −66 -- 65(20) 8a (Mylar) 1139–1148 Drill Mudstone −4434 Ancient eolian
(halo) Stimson Formation [9,25]

Gobabeb GB −38 -- 34(18) 7a (Mylar) 1262–1280 Scoop Mudstone −4423 Ancient eolian
(active) Bagnold Dune Field [9,10]

Lubango LB −75 -- 75(25) 8a (Mylar) 1323–1350 Drill Mudstone −4429 Ancient eolian
(halo) Stimson Formation [9,10]

Okoruso OK −28 -- 35(15) 7b (Mylar) 1334–1346 Drill Sandstone −4429 Ancient eolian Stimson Formation [9,10]

Oudam OU −58 3(2) 36(17) 12a (Mylar) 1362–1398 Drill Siltstone −4435 Reworked eolian
and fluvial

Hartmann’s Valley
Member, Murray

Formation
[3]

Marimba2 MB −113 23(12) 40(20) 8b (Mylar) 1425–1436 Drill Mudstone −4410 Fluviolacustrine Karasburg Member,
Murray Formation [3]

Quela QL −47 16(8) 52(26) 5a (Kapton) 1470–1480 Drill Mudstone −4379 Fluviolacustrine Karasburg Member,
Murray Formation [3]
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Table 1. Cont.

Sample Abbr. Offset
(µm)

Clay
Abund.
(wt. %)

Total X-ray
Amorphous

Abundance (wt. %)
Sample Cell Sols

Analyzed
Sample

Type Lithology Elevation Depositional
Environment Stratigraphic Unit Ref.

Sebina SB −112 19(10) 51(25) 4b (Kapton) 1496–1507 Drill Mudstone −4360 Fluviolacustrine Sutton Island Member,
Murray Formation [3]

Ogunquit
Beach OG −89 7(3) 40(20) 1a (Kapton) 1832–1931 Scoop Eolian sand −4300 Modern eolian

(active) Bagnold Dune Field [3]

Duluth DU −87 15(7) 35(15) 13b (Mylar) 2061–2095 Drill Mudstone −4192 Fluviolacustrine
Blunts Point Member,

Vera Rubin Ridge,
Murray Formation

[3,29]

Stoer ST −110 10(5) 35(15) 10A (Mylar) 2141–2151 Drill Mudstone −4169 Fluviolacustrine

Pettegrove Point
Member, Vera Rubin

Ridge, Murray
Formation

[3,29]

Highfield HF −81 5(2) 49(15) 10A (Mylar) 2226–2242 Drill Mudstone −4147 Fluviolacustrine
Jura Member, Vera

Rubin Ridge, Murray
Formation

[3,29]

Rockhall RH −69 13(6) 34(15) 7b (Mylar) 2264–2284 Drill Mudstone −4143 Fluviolacustrine
Jura Member, Vera

Rubin Ridge, Murray
Formation

[3,29]

Aberlady AL −97 28(12) 41(20) 8a (Mylar) 2373–2384 Drill Mudstone −4157 Fluviolacustrine
Clay-bearing unit, Jura

Member, Murray
Formation

[23,27]

Kilmarie KM −142 28(12) 44(20) 9b (Mylar) 2388–2400 Drill Mudstone −4158 Fluviolacustrine
Clay-bearing unit, Jura

Member, Murray
Formation

[23,27]

Glen Etive GE −107 34(17) 38(19) 8b (Mylar) 2492–2503 Drill Sandstone −4133 Fluviolacustrine
Knockfarril Hill

Member, Carolyn
Shoemaker Formation

[23,27]

Glen Etive
2 GE2 −103 26(13) 37(19) 8a (Mylar) 2543–2555 Drill Sandstone −4129 Fluviolacustrine

Knockfarril Hill
Member, Carolyn

Shoemaker Formation
[23,27]

Hutton HU −36 6(2) 38(19) 12a (Mylar) 2672–2678 Drill Mudstone −4095 Fluviolacustrine
Glasgow Member,

Carolyn Shoemaker
Formation

[23]

Edinburgh EB −160 7(4) 20(10) 7b (Mylar) 2715–2723 Drill Sandstone −4088 Ancient aeolian Stimson Formation [23]

Glasgow GG −127 24(12) 47(23) 7b (Mylar) 2758–2774 Drill Mudstone −4107 Fluviolacustrine
Glasgow Member,

Carolyn Shoemaker
Formation

[23,27]
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Table 1. Cont.

Sample Abbr. Offset
(µm)

Clay
Abund.
(wt. %)

Total X-ray
Amorphous

Abundance (wt. %)

Sample
Cell

Sols
Analyzed

Sample
Type Lithology Elevation Depositional

Environment Stratigraphic Unit Ref.

Mary
Anning MA −86 28(10) 27(20) 7a (Mylar) 2842–2854 Drill Sandstone −4128 Fluviolacustrine

Knockfarril Hill Member,
Carolyn Shoemaker

Formation
[23,27]

Mary
Anning 3 MA3 −74 30(11) 25(19) 7a (Mylar) 2888–2894 Drill Sandstone −4128 Fluviolacustrine

Knockfarril Hill Member,
Carolyn Shoemaker

Formation
[23,27]

Groken GR −122 30(16) 26(14) 9a (Mylar) 2912–2930 Drill Sandstone −4127 Fluviolacustrine
Knockfarril Hill Member,

Carolyn Shoemaker
Formation

[23,27]

Nontron NT −98 18(8) 40(24) 9a (Mylar) 3058–3077 Drill Sandstone −4072 Fluviolacustrine Mercou Member, Carolyn
Shoemaker Formation [35]

Bardou BD −106 12(6) 48(25) 4a
(Kapton) 3097–3113 Drill Sandstone −4066 Fluviolacustrine Mercou Member, Carolyn

Shoemaker Formation [35]

Pontours PT −114 3(2) 49(25) 1a
(Kapton) 3172–3172 Drill

Strong diagenetic
overprint—grain

size indeterminate
−4041 Fluviolacustrine Pontours Member, Carolyn

Shoemaker Formation [35]

Maria
Gordon MG −111 -- 54(24) 1a

(Kapton) 3232–3232 Drill Sandstone −4015 Fluviolacustrine Dunnideer Member, Mirador
Formation [35]

Zechstein ZE −102 -- 46(25) 1a
(Kapton) 3292–3310 Drill Sandstone −3991 Fluviolacustrine Port Logan Member, Mirador

Formation [35]

Avanavero AV 5.5 -- 58(23) 15a
(Kapton) 3517–3520 Drill Sandstone −3910 Fluviolacustrine Contigo Member, Mirador

Formation [35]

Canaima CA −42 -- 62(23) 15a
(Kapton) 3615–3627 Drill Sandstone −3879 Fluviolacustrine/Aeolian Contigo Member, Mirador

Formation [28,35]

Tapo
Caparo TC −33 -- 60(23) 15a

(Kapton) 3755–3777 Drill Mudstone −3853 Fluviolacustrine Amapari Member, Mirador
Formation [64,65]

The Rocknest sample was delivered to CheMin several times—in this study, we are analyzing scoop 5 because it was the most thoroughly characterized and is considered to be the most
representative of the Rocknest sample location. The John Klein analysis selected was that performed Sols 196–273, as it is the most complete and thoroughly analyzed analysis. The initial
analysis of Cumberland, performed for Sols 283–311, was used in this study; the latter analysis (Sols 418–432) had poor grain motion. The indirect vibe analysis of the Gobabeb sample
(Sols 1225–1243) was used in this study; the analysis with direct vibration (Sols 1262–1279) resulted in the loss of material from the sample cell and is therefore not representative of the
total sample. The Rock Hall abundances and unit-cell parameters were derived from minor frames 1–4, collected in the first analysis (sol 2264). The Oudam, Marimba2, Quela, Sebina,
Duluth, Stoer, Highfield, Bardou, Pontours, Maria Gordon, Zechstein, and Canaima samples results are based on the first 15 minor frames because the temperature inside CheMin caused
dehydration of gypsum to bassanite in subsequent analyses. The absence of detectable clay minerals is denoted by “--”.
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2.2. CheMin X-ray Diffraction Data Collection and Processing

The CheMin instrument utilizes X-ray diffraction to identify minerals and X-ray
fluorescence (XRF) to measure the elemental composition of the drilled and scooped
samples in Gale crater [5]. CheMin analyzed ~75 mm3 of the <150 µm size fraction of
Gale samples, which were delivered to one of the instrument’s 27 reusable sample cells
arranged in pairs on the sample wheel (Table 1). Sample cell pairs are positioned at the end
of a tuning fork, which utilizes piezoelectric actuation to induce convective flow, reducing
preferred orientation effects. The sample material is held between two polymer windows
(Kapton or Mylar—see Table 1) and positioned with transmission geometry between the
microfocus Co X-ray source and an X-ray energy-sensitive charge-coupled device (CCD)
detector, with an angular resolution of ~0.35◦ 2θ FWHM as determined from crystalline
standard materials [66]. Two-dimensional (2D) XRD images are collected over 3 to 38 h
of analysis. The 2D XRD images are converted to 1D diffraction patterns for analysis and
calibrated with beryl–quartz standards, also located on the CheMin sample wheel. The
position of each sample cell, relative to the CCD, is calibrated via an internal standard of
plagioclase in the analyzed sample material [9]. Additionally, energy-discriminated CoKα

diffraction patterns are obtained, and XRF spectra are derived from detected photons to
provide qualitative compositional information about the Gale crater samples.

The CheMin instrument has the ability to detect crystalline phases down to ~1 wt.
%, depending on the degree of crystallinity and the amount of peak overlap. Major
phase (>~5 wt. %) mineral abundances (Table 2; Table S1 in Supplementary Materials
contains a machine-readable version of mineral abundances and uncertainties) and unit-
cell parameters are quantified and refined through Rietveld refinement of the 1D XRD
patterns (Table 3), fitting peak positions, intensities, and breadths using crystallographic
information files (CIFs) [67–70]. Abundances of X-ray amorphous, poorly crystalline
materials (Table 1) are estimated using a modified version of the FULLPAT program,
optimizing the fit between measured CheMin patterns and patterns of individual minerals
and X-ray amorphous phases [71,72]. All data collected by the CheMin instrument are
available in the Planetary Data System (PDS) Geoscience Node (https://pds-geosciences.
wustl.edu/missions/msl/chemin.htm) and the CheMin Database (https://odr.io/chemin).

Table 2. Abundance of crystalline phases detected in Gale crater samples with CheMin. Abundances
determined by Rietveld refinement. Uncertainty reported as 1σ. Machine-readable version of table
available in Supplementary Materials (Table S1).

Rocknest John Klein Cumberland Windjana Confidence Hills

Phase wt. % Phase wt. % Phase wt. % Phase wt. % Phase wt. %

Plagioclase 41(3) Andesine 44(3) Plagioclase 44(3) Augite 29(4) Plagioclase 38(3)

Forsterite 22.4(19) Pigeonite 11(3) Pigeonite 16(4) K-
Feldspar 21(4) Hematite 13.4(9)

Augite 15(3) Augite 8(3) Magnetite 8.7(19) Pigeonite 17(4) Augite 11.4(18)

Pigeonite 14(3) Magnetite 7.6(16) Augite 8(3) Magnetite 13.8(13) Pigeonite 10(3)

Magnetite 2.1(8) Orthopyroxene 6(2) Orthopyroxene 8(4) Plagioclase 5.6(14) K-
Feldspar 8.0(13)

Anhydrite 1.5(7) Forsterite 5.7(15) Akaganeite 3.4(13) Forsterite 5.2(14) Magnetite 6.9(8)

Quartz 1.4(6) Anhydrite 5.3(14) Sanidine 3.1(17) Akaganeite 2.5(12) Enstatite 5(3)

Sanidine 1.3(13) Sanidine 2.4(15) Pyrrhotite 1.9(11) Anhydrite 1.49(11) Forsterite 3.3(12)

Hematite 1.1(9) Akaganeite 2.3(12) Forsterite 1.8(16) Pyrrhotite 1.3(8) Jarosite 1.5(5)

Ilmenite 0.9(9) Bassanite 2.1(7) Anhydrite 1.6(12) Ilmenite 1.1(7) Ilmenite 1.4(6)

Pyrrhotite 2.0(9) Bassanite 1.4(7) Enstatite 1.0(9) Quartz 0.8(3)

https://pds-geosciences.wustl.edu/missions/msl/chemin.htm
https://pds-geosciences.wustl.edu/missions/msl/chemin.htm
https://odr.io/chemin
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Table 2. Cont.

Rocknest John Klein Cumberland Windjana Confidence Hills

Phase wt. % Phase wt. % Phase wt. % Phase wt. % Phase wt. %

Albite 1.3(8) Hematite 1.3(10) Hematite 0.9(8)

Hematite 1.2(11) Ilmenite 1.0(9) Bassanite 0.2(2)

Quartz 0.9(9) Halite 0.2(3) Quartz 0.2(2)

Pyrite 0.6(5) Quartz 0.2(3)

Halite 0.3(3)

Mojave2 Telegraph Peak Buckskin Big Sky Greenhorn

Phase wt. % Phase wt. % Phase wt. % Phase wt. % Phase wt. %

Plagioclase 55(5) Plagioclase 38(4) Plagioclase 43(3) Plagioclase 47(3) Plagioclase 42(2)

Pigeonite 13(3) Opal-Ct 15(3) Tridymite 34(2) Pigeonite 19(2) Magnetite 17.3(10)

Magnetite 6.8(10) Magnetite 10.9(7) Sanidine 8.4(18) Orthopyroxene 14(2) Anhydrite 16.1(10)

Hematite 7.4(11) Cristobalite 8.7(7) Magnetite 6.9(8) Magnetite 13.1(10) Orthopyroxene 8(2)

Jarosite 6.8(8) K-
Feldspar 5.9(11) Cristobalite 6.0(8) Hematite 2.8(10) Hematite 6.0(10)

Apatite 4.2(12) Apatite 3.0(5) Anhydrite 1.8(6) Tridymite 1.7(10) Pigeonite 4.7(10)

Augite 2.6(6) Enstatite 2.8(11) Quartz 1.5(3) Bassanite 4.0(10)

Fe-
Forsterite 2.0(13) Jarosite 2.4(5) Anhydrite 1.1(00) Quartz 2.2(10)

Quartz 1.5(6) Augite 2.1(5)

Ilmenite 0.9(4) Hematite 1.6(5)

Quartz 1.2(3)

Ilmenite 0.9(4)

Anhydrite 0.5(2)

Bassanite 0.5(3)

Opal-Ct 15(3)

Gobabeb Lubango Okoruso Oudam Marimba

Phase wt. % Phase wt. % Phase wt. % Phase wt. % Phase wt. %

Plagioclase 36(2) Plagioclase 43(2) Plagioclase 42(3) Plagioclase 51(2) Plagioclase 46(4)

Olivine 28(2) Anhydrite 12.3(10) Pigeonite 21(2) Hematite 26.0(10) Hematite 16(2)

Augite 20(2) Magnetite 11.1(10) Magnetite 17.3(10) Pyroxene 10(2) Anhydrite 10.2(10)

Pigeonite 11(2) Orthopyroxene 10(2) Orthopyroxene 11(2) Anhydrite 5.8(2) Sanidine 8(3)

Magnetite 2.8(10) Bassanite 9.0(10) K-
Feldspar 2.9(10) Gypsum 5.5(10) Gypsum 6.4(10)

Anhydrite 1.0(2) Pigeonite 5.9(10) Apatite 1.6(10) Quartz 1.9(10) Forsterite 5(2)

Quartz 0.7(3) Quartz 3.5(10) Quartz 1.4(3) Pyroxene 4(4)

Hematite 0.5(5) Hematite 2.3(10) Bassanite 1.2(10) Bassanite 1.9(10)

Gypsum 2.3(10) Hematite 1.1(10) Jarosite 1.5(10)

Anhydrite 0.8(10) Quartz 1.2(10)

Quela Sebina Ogunquit Beach Duluth Stoer

Phase wt. % Phase wt. % Phase wt. % Phase wt. % Phase wt. %

Plagioclase 44(2) Plagioclase 38(3) Plagioclase 47(3) Plagioclase 55.8(18) Plagioclase 44.1(17)

Hematite 20(2) Hematite 20.4(17) Forsterite 18.2(12) Hematite 13.0(8) Hematite 28.3(10)
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Table 2. Cont.

Quela Sebina Ogunquit Beach Duluth Stoer

Phase wt. % Phase wt. % Phase wt. % Phase wt. % Phase wt. %

Anhydrite 10.7(10) Anhydrite 16.9(11) Augite 15.7(18) Sanidine 9.0(9) Pyroxene 7.3(13)

Sanidine 6(2) Pyroxene 7(4) Pigeonite 10.2(18) Pyroxene 9.0(14) Anhydrite 5.3(5)

Pyroxene 5(2) Sanidine 5(2) Magnetite 2.5(6) Bassanite 5.4(4) Gypsum 4.2(3)

Forsterite 5(2) Gypsum 3.8(13) Hematite 2.3(5) Anhydrite 3.0(5) Sanidine 4.0(7)

Bassanite 4.5(10) Forsterite 3.0(10) Anhydrite 2.3(5) Gypsum 1.8(1) Jarosite 2.2(3)

Gypsum 1.8(10) Jarosite 2.6(6) Quartz 1.6(4) Magnetite 1.6(3) Akaganeite 1.6(1)

Jarosite 1.4(10) Bassanite 1.8(5) Quartz 1.3(2) Quartz 1.5(3)

Quartz 1.1(10) Quartz 1.2(6) Bassanite 0.8(3)

Magnetite 0.7(2)

Highfield Rock Hall Aberlady Kilmarie Glen Etive

Phase wt. % Phase wt. % Phase wt. % Phase wt. % Phase wt. %

Plagioclase 47(3) Plagioclase 38(5) Plagioclase 35(4) Plagioclase 33(4) Plagioclase 40(3)

Hematite 20.2(13) Anhydrite 21(3) Anhydrite 19(3) Anhydrite 29.3(13) Anhydrite 34.0(13)

Pyroxene 10(4) Pyroxene 17.1(19) Bassanite 18.4(14) Pyroxene 13(5) Hematite 7(3)

Anhydrite 8.2(10) Akaganeite 11.3(9) Pyroxene 15(6) Bassanite 10.0(10) Pyroxene 6.0(19)

Gypsum 5.2(10) Hematite 5.4(4) Hematite 5.5(14) Siderite 8.0(10) Sanidine 5(3)

Sanidine 3.7(10) Jarosite 4.3(9) Sanidine 3.9(16) Hematite 3.8(10) Bassanite 3.0(12)

Bassanite 2.6(6) Apatite 2.5(8) Quartz 2.1(10) Sanidine 2(2) Siderite 3.0(9)

Magnetite 1.4(13) Magnetite 1.9(11) Quartz 0.8(4) Quartz 2.0(8)

Quartz 1.3(7)

Glen Etive 2 Hutton Edinburgh Glasgow Mary Anning

Phase wt. % Phase wt. % Phase wt. % Phase wt. % Phase wt. %

Plagioclase 63(4) Plagioclase 45(7) Plagioclase 40(3) Plagioclase 50(4) Plagioclase 71(5)

Pyroxene 11(3) Pyroxene 14(2) Pyroxene 28(3) Anhydrite 19(3) Pyroxene 12(4)

Anhydrite 10.0(6) Magnetite 12(4) Magnetite 14.0(18) Hematite 13(4) Sanidine 6.3(18)

Sanidine 6.0(15) Cristobalite 9.3(14) Fe-
Forsterite 12(3) Pyroxene 6(4) Anhydrite 3.9(13)

Hematite 4.0(13) Hematite 4.8(12) Sanidine 5(3) Sanidine 4(9) Fe-
Carbonate 3.1(9)

Bassanite 3.0(8) Sanidine 4.7(12) Apatite 2.0(13) Bassanite 3.2(19) Hematite 2.5(16)

Quartz 2.0(2) Apatite 3.8(18) Hematite 0.5(8) Quartz 3(3) Quartz 2.1(6)

Anhydrite 1.2(8) Quartz 0.2(4) Apatite 1.0(18)

Cristobalite 0.7(10)

Mary Anning 3 Groken Nontron Bardou Pontours

Phase wt. % Phase wt. % Phase wt. % Phase wt. % Phase wt. %

Plagioclase 64(3) Plagioclase 57(3) Plagioclase 51.3(15) Plagioclase 53.0(18) Plagioclase 58(5)

Pyroxene 14(6) Anhydrite 11.4(10) Hematite 17.1(19) Hematite 21(3) Pyroxene 16.7(18)

Sanidine 6(4) Pyroxene 10(4) Pyroxene 9(4) Pyroxene 9(4) Hematite 9(2)

Bassanite 4.8(5) Bassanite 7.8(6) Anhydrite 8(2) Bassanite 5.5(14) Sanidine 6(3)

Anhydrite 4.6(12) Fe-
Carbonate 7(3) Bassanite 5.2(14) Sanidine 4.2(18) Bassanite 3.1(16)
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Table 2. Cont.

Mary Anning 3 Groken Nontron Bardou Pontours

Phase wt. % Phase wt. % Phase wt. % Phase wt. % Phase wt. %

Fe-
Carbonate 2.5(17) Sanidine 4.8(16) Sanidine 3.7(12) Ankerite 2.6(18) Gypsum 2.0(8)

Quartz 2.3(10) Quartz 1.8(12) Goethite 2.4(15) Anhydrite 2.0(14) Quartz 1.8(10)

Hematite 1.9(5) Ankerite 2.2(7) Quartz 1.7(12) Goethite 1.7(12)

Quartz 1.5(2) Gypsum 1.2(8) Halite 1.2

Maria Gordon Zechstein Avanavero Canaima Tapo Caparo

Phase wt. % Phase wt. % Phase wt. % Phase wt. % Phase wt. %

Plagioclase 52(4) Plagioclase 38(4) Plagioclase 42(6) Plagioclase 45(4) Plagioclase 38(4)

Hematite 16(2) Gypsum 33.7(10) Hematite 17(5) Hematite 12(3) Siderite 26(3)

Pyroxene 7.6(18) Pyroxene 13(3) Anhydrite 12(4) Gypsum 10.5(11) Pyroxene 22(4)

Alkali
Feldspar 6.1(16) Hematite 10(3) Goethite 10(4) Sanidine 8(3) Kieserite 8(3)

Goethite 6(4) Bassanite 4.4(8) Pyroxene 8.7(18) Pyroxene 8(6) Bassanite 3.8(18)

Anhydrite 4.8(10) Quartz 1.9(6) Bassanite 4.6(12) Starkeyite 6.1(16) Anhydrite 2.0(12)

Bassanite 4.4(16) Sanidine 3.5(18) Goethite 6(4)

Gypsum 2.1(10) Quartz 1.0(10) Anhydrite 1.6(16)

Quartz 1.6(8) Ilmenite 1.0(12) Quartz 1.3(11)

Bassanite 1.1(16)

2.3. Crystal Chemical Estimation of Mineral Compositions

Morrison et al. (2018) [8] developed crystal chemical algorithms to accurately estimate
the major element compositions of abundant mineral phases observed on the martian
surface by the CheMin instrument. These predictive algorithms were tailored for Na-Ca
plagioclase, alkali feldspar, Fe-Mg olivine, Ca-Mg-Fe clino- and orthopyroxene, alunite–
jarosite, and spinel oxide mineral systems. By leveraging crystal chemical relationships
established for terrestrial minerals, these algorithms enabled precise estimation of the
composition of martian minerals, with unit-cell parameters refined using Rietveld analysis.
To develop these algorithms, the authors used least-squares regression and minimization
routines to establish relationships between the unit-cell parameters and the chemical com-
positions of various minerals. For plagioclase phases, they correlated Na-Ca composition
with the unit-cell parameters (a, b, c, and β) using a quadratic relationship. Alkali feldspar
was examined using a model based on Na-K solid solution—the algorithm accounted for
fractional order–disorder in addition to Na-K composition. For Fe-Mg olivine, a linear
least-squares regression of Mg and Fe content versus the b unit-cell parameter was used.
For Ca-Mg-Fe pyroxenes, the linear regression models of augite, pigeonite, and orthopy-
roxene were refined to minimize the weighted sum of squared errors, resulting in low
residual errors for Mg, Fe, and Ca content and thereby the estimated values of sample
composition. To characterize the crystal chemical relationships in spinel phases, the authors
performed linear regressions of Fe content versus the a unit-cell parameter for various
spinel compositions (e.g., Fe-Ti, Fe-Cr). Due to the crystallographic limitations of the cubic
structure, several possible compositions are reported for each spinel sample. The equations
derived for each mineral group allow for the estimation of chemical compositions from
X-ray diffraction data alone. These methods assume a specified compositional range for
each mineral group (e.g., Na-Ca for plagioclase, K-Na for alkali feldspar, Mg-Fe-Ca for
pyroxenes) and do not consider or estimate minor element contributions.
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Subsequently, Morrison et al. (2018) [9] applied these algorithms to report the mineral
compositions from the CheMin sample locations of Bradbury Landing through Nauklift
Plateau (CheMin samples Rocknest through Okoruso). The composition of a mineral
specimen is the result of the physical (e.g., temperature and pressure) and chemical (e.g.,
parent material, fluid influx) conditions of crystallization. Therefore, understanding the
chemical composition of minerals provides a greater understanding of the geologic and
geochemical environments that existed in Mars’s past. These crystal chemical algorithms
and supporting mineral data can be found at https://github.com/shaunnamm/regression-
and-minimization (accessed on 1 June 2023).

In this work, we utilized the crystal chemical algorithms developed by Morrison et al.
(2018) [8] to predict the compositions of Na-Ca plagioclase (Table 3; Figures 1, 2 and 5),
alkali feldspar (Table 4; Figures 3–5), Fe-Mg olivine (Table 5; Figure 6), Ca-Mg-Fe clino-
and orthopyroxene (Tables 6–8; Figure 7), and spinel oxide (Table 9; Figures 8–10) minerals
observed in all Gale crater samples analyzed by CheMin as of March 2023. It should be noted
that the compositions of the alunite–jarosite phases are omitted from this study due to their
absence in significant quantities (<5 wt. % of the sample) in samples analyzed in post-2018
publications, where their compositions were previously reported. This predictive method,
based on crystal chemical relationships established on well-studied natural terrestrial and
laboratory-synthesized materials, enables the accurate estimation of mineral compositions on
Mars. By applying these predictive methods to the extensive CheMin dataset, we aim to gain
valuable insights into the mineralogical trends and geological processes within Gale crater.

2.4. Martian Meteorite Data

To provide greater context for the Gale crater samples, we compared the CheMin-
analyzed sample compositions to those of martian meteorites. The compilation of martian
meteorite compositions was sourced from Hewins et al. (2016), Papike et al. (2009), Lin
et al. (2015), Wittmann et al. (2015), and Nyquist et al. (2016). These studies [73–77] used a
combination of analytical techniques to identify minerals and determine their compositions,
including scanning electron microscopy (SEM), electron probe microanalysis (EPMA),
energy-dispersive X-ray spectroscopy (EDS), and backscattered electron (BSE) imaging. In
this paper, we specifically focused on comparing the weight percent oxide information
for each relevant mineral phase (i.e., feldspar, olivine, pyroxene, and spinel) between
the CheMin mineral samples and the martian meteorite studies. The chemical analyses
reported for each sample in these papers are designated only as their broad mineral group
(i.e., feldspar, pyroxene). The chemical analyses reported in these studies are broadly
categorized by their mineral groups (i.e., feldspar, pyroxene). To further differentiate the
feldspar samples into plagioclase feldspar and alkali feldspar, we converted the weight
percent oxides into An, Or, and Ab ratios. Samples with alkali components (An and Or)
comprising more than 50% were classified as alkali feldspar (Figures 4 and 5). If the Or
content was 5% or lower, the sample was included in the plagioclase feldspar category
(Figures 2 and 5). All feldspar is assumed to be maskelynitized. Pyroxene phases were
not distinguished from one another and were grouped together in a single pyroxene
quadrilateral (Figure 7), all spinel phases were shown together in a single violin plot
(Figure 9), and all olivine phases were depicted in a single bar plot (Figure 6). Note that
these papers report analyses from a diverse range of material types, including anti-perthitic
clasts, feldspar crystal clasts, granular melt, intermediate clasts, lithic clasts with zoned pyroxenes,
microbasaltic (melt rock) clasts, monzonitic clasts, noritic clasts, perthitic feldspar clasts, plagioclase
clasts, poikilitic melt, shocked norite, spherules, sub-ophitic melt, veins, vitrophyre ameboids, and
vitrophyre spherules. While these materials exhibit a diverse array of processes, several
of which are not relevant to those of Gale crater—specifically those related to impact—
comparing their compositions can still provide valuable insights into their relationships
and the geological history of Mars.

https://github.com/shaunnamm/regression-and-minimization
https://github.com/shaunnamm/regression-and-minimization
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3. Results
3.1. Feldspar Group Minerals

Feldspar minerals are the most common rock-forming minerals on Earth and other
rocky bodies in our solar system. They largely form through igneous processes and are
the most abundant constituent of granite, basalt, and gabbro. They make up most of the
crust and mantle of terrestrial planets, including Earth and Mars, as well as the Moon.
Understanding their compositions and structures provides insight into a planet’s magmatic
and volcanic processes, including differentiation, cooling and crystallization rate, and
parent material.

3.1.1. Plagioclase Group Minerals

The plagioclase group, a member of the broader feldspar mineral group, consists of
the triclinic mineral species anorthite (CaAl2Si2O8) and albite (NaAlSi3O8), with a complete
solid solution between the two. Plagioclase compositions are typically reported in terms of
the two end-member components, albite (Ab) or anorthite (An), which represent the mol
percentage of NaAlSi3O8 or CaAl2Si2O8, respectively.

In this work, we calculate the Ca and Na composition of plagioclase in samples an-
alyzed by CheMin in Gale crater (Table 3; Table S2 in Supplementary Materials contains
a machine-readable version of unit-cell parameters, compositions, and associated uncer-
tainties). Our focus lies on samples with sufficiently high plagioclase abundance to allow
the refinement of unit-cell parameters, including all of the 40 CheMin samples; however,
the Windjana sample had a relatively low abundance of plagioclase (Table 2), resulting in
larger uncertainty in the unit-cell parameters and therefore in the estimated composition
of Windjana. We assume pure, K-free Na-Ca plagioclase in our compositional estimates
to limit the complexity of defining these multidimensional crystal chemical systems (see
Section 4.6.1 of Future Work below) and because 97.6% of plagioclase/maskelynite analyzed
in martian meteorites [73–77] contained <2 wt. % other oxides [9]. Note that Ca and Na are
calculated independently and are not constrained to sum to one.

Table 3. Unit-cell parameters and estimated Ca and Na compositions of plagioclase observed in Gale
crater samples by the CheMin instrument. Uncertainty reported as 1σ. Machine-readable version of
table available in Supplementary Materials (Table S2).

Plagioclase Unit-Cell Parameters and Compositions

Sample a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) Ca (apfu) Na (apfu)

RK 8.168(6) 12.863(6) 7.108(4) 93.46(5) 116.22(3) 90.12(3) 0.48(4) 0.51(4)
JK 8.162(5) 12.860(8) 7.108(5) 93.47(5) 116.29(3) 90.10(4) 0.40(4) 0.60(4)
CB 8.162(7) 12.860(8) 7.112(7) 93.42(5) 116.34(4) 90.10(4) 0.32(5) 0.67(5)
WJ 8.17(4) 12.91(9) 7.11(5) 94(1) 116.3(5) 89.9(7) 0.1(7) 0.8(7)
CH 8.166(7) 12.859(7) 7.111(4) 93.44(6) 116.31(4) 90.16(4) 0.38(4) 0.61(4)
MJ2 8.164(4) 12.859(3) 7.110(2) 93.50(4) 116.28(1) 90.10(3) 0.41(3) 0.59(3)
TP 8.157(3) 12.858(6) 7.111(2) 93.47(2) 116.28(2) 90.08(2) 0.36(3) 0.64(3)
BK 8.155(3) 12.862(4) 7.106(4) 93.32(2) 116.28(2) 90.10(2) 0.39(3) 0.62(3)
BS 8.159(8) 12.875(8) 7.103(7) 93.47(6) 116.09(4) 89.97(5) 0.52(5) 0.48(5)
GH 8.165(7) 12.891(9) 7.108(7) 93.24(7) 116.10(4) 90.06(4) 0.38(6) 0.60(6)
GB 8.181(7) 12.868(7) 7.107(6) 93.49(5) 116.19(4) 90.06(3) 0.63(6) 0.36(6)
LB 8.166(11) 12.891(11) 7.111(9) 93.26(10) 116.21(5) 90.04(6) 0.27(8) 0.70(8)
OU 8.163(5) 12.852(7) 7.110(4) 93.52(4) 116.31(4) 90.05(5) 0.41(4) 0.59(4)
OK 8.160(8) 12.880(7) 7.108(6) 93.59(7) 116.17(4) 89.91(6) 0.38(5) 0.61(5)
MB 8.161(7) 12.853(10) 7.112(4) 93.38(6) 116.29(4) 90.10(2) 0.38(4) 0.61(4)
SB 8.162(9) 12.875(19) 7.110(7) 93.41(16) 116.22(7) 90.02(9) 0.36(8) 0.63(8)
QL 8.162(9) 12.875(18) 7.110(7) 93.41(15) 116.22(6) 90.02(9) 0.36(8) 0.63(8)
OG 8.169(6) 12.866(12) 7.107(4) 93.42(2) 116.23(4) 90.17(5) 0.48(5) 0.51(5)
DU 8.165(6) 12.864(6) 7.116(2) 93.46(4) 116.27(2) 90.08(2) 0.34(4) 0.64(4)
ST 8.151(3) 12.865(9) 7.104(5) 93.32(4) 116.23(2) 90.11(2) 0.42(4) 0.60(4)
RH 8.155(5) 12.875(1) 7.113(2) 93.43(5) 116.25(2) 90.15(2) 0.27(3) 0.72(3)



Minerals 2024, 14, 773 12 of 39

Table 3. Cont.

Plagioclase Unit-Cell Parameters and Compositions

Sample a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦) Ca (apfu) Na (apfu)

HF 8.177(8) 12.879(12) 7.106(3) 92.9(3) 116.33(4) 90.27(3) 0.43(7) 0.56(6)
EB 8.149(10) 12.85(3) 7.109(8) 92.9(3) 116.47(9) 90.17(10) 0.24(8) 0.78(8)
AL 8.176(11) 12.850(11) 7.112(7) 93.41(10) 116.17(5) 90.23(6) 0.59(8) 0.38(8)
KM 8.154(6) 12.871(6) 7.108(7) 93.45(4) 116.17(3) 90.10(3) 0.39(5) 0.61(4)
GE 8.157(5) 12.863(10) 7.107(5) 93.41(13) 116.21(2) 90.13(6) 0.43(4) 0.57(4)
GE2 8.164(6) 12.854(8) 7.110(6) 93.41(4) 116.28(5) 90.10(3) 0.43(5) 0.57(5)
HU 8.163(5) 12.888(4) 7.110(4) 93.51(9) 116.26(4) 90.07(5) 0.25(4) 0.74(4)
GG 8.144(8) 12.841(9) 7.105(5) 93.34(5) 116.24(3) 90.16(3) 0.46(4) 0.56(4)
MA 8.160(3) 12.865(3) 7.109(2) 93.44(2) 116.26(2) 90.11(1) 0.38(3) 0.62(3)
MA3 8.158(5) 12.864(6) 7.110(4) 93.46(5) 116.25(2) 90.13(2) 0.37(4) 0.63(4)
GR 8.162(4) 12.862(3) 7.111(2) 93.48(4) 116.24(2) 90.10(2) 0.40(3) 0.59(3)
NT 8.162(4) 12.872(5) 7.110(3) 93.43(4) 116.22(3) 90.13(2) 0.37(3) 0.62(3)
BD 8.160(8) 12.864(4) 7.108(3) 93.49(3) 116.24(3) 90.09(2) 0.41(4) 0.59(4)
PT 8.159(7) 12.862(6) 7.106(3) 93.44(6) 116.26(4) 90.14(5) 0.43(4) 0.57(4)
MG 8.157(6) 12.860(6) 7.104(4) 93.50(5) 116.22(3) 90.07(2) 0.47(4) 0.54(4)
ZE 8.167(6) 12.867(5) 7.111(5) 93.45(4) 116.26(2) 90.11(3) 0.40(4) 0.59(4)
AV 8.163(2) 12.870(5) 7.108(3) 93.28(4) 116.22(2) 90.19(3) 0.40(3) 0.59(3)
CA 8.152(3) 12.841(9) 7.108(4) 93.49(11) 116.26(5) 90.07(4) 0.43(3) 0.55(3)
TC 8.161(10) 12.862(8) 7.105(2) 93.34(5) 116.14(3) 90.11(11) 0.53(5) 0.47(5)

The plagioclase measured with CheMin in the fluviolacustrine and cemented eolian
rock samples of Gale crater, Mars, has a mean composition of An40(9)
[Na0.60(9)Ca0.40(9)Al1.40(9)Si2.60(9)O8] (Table 3; Figure 1). The range of composition is An14(68)
(Windjana sample) to An59(8) (Aberlady). If we exclude the Windjana sample due to its
high uncertainty stemming from its low abundance, the mean Gale plagioclase composition
is An40(8) with a range of An24(8) (Edinburgh) to An59(8) (Aberlady). The Yellowknife
Bay Formation samples have a mean plagioclase composition of An36(5) and a range of
An40(4) (John Klein) to An32(5) (Cumberland). The Murray Formation is the most sampled
formation in Gale crater and has a significant variability; the mean Murray plagioclase com-
position is An39(7), with a range from An27(3) (Rockhall) to An59(8) (Aberlady). Within
the Murray Formation, Pahrump Hills samples have a mean of An39(3), Hartmann’s Valley
Member has a mean of An41(4), Karasburg Member is An37(5), Sutton Island Member
is An36(8), and the Vera Rubin Ridge samples have a mean of An39(8). The Stimson
Formation has a mean of An35(10), with Big Sky having a notably higher An value at 52(5),
whereas Greenhorn, Lubango, Okoruso, and Edinburgh are An38(6), An27(8), An38(5),
and An24(8), respectively. The Carolyn Shoemaker Formation has less variability, with a
low value of An25(4) (Hutton), a high of An46(4) (Glasgow), and a mean of An39(6). The
Mirador Formation samples are close in composition, with a mean of An45(5) and a range
of An40(3/4) (Zechstein/Avanavero) to An53(5) (Tapo Caparo).

The Gale crater plagioclase samples analyzed with CheMin have a similar composi-
tional range and mean to those of martian meteorites. Figure 2 displays plagioclase fre-
quency of occurrence by composition [i.e., Ca/(Ca+Na)] for martian meteorites [73–77] and
the Gale crater samples. There are 980 martian meteorite plagioclase samples represented
in the graph and 40 Gale crater plagioclase samples. Martian meteorites have a range of
Ca = 0.02 to Ca = 0.66. Excluding Windjana due to its low abundance and resulting high
uncertainty, the Gale samples overall have a range of Ca = 0.24(8) (Edinburgh) to Ca = 0.63(6)
(Gobabeb), and the fluviolacustrine and cemented eolian drilled rock samples have a low
of Ca = 0.24(8) (Edinburgh) and a high of Ca = 0.59(8) (Aberlady). Martian meteorites have
a mean composition of Ca = 0.44(11), and the Gale crater mean is Ca = 0.40(8), excluding
Windjana [the overall Gale mean including Windjana is Ca = 0.40(9)].
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Figure 1. Plagioclase composition (as Ca apfu) of the fluviolacustrine and cemented eolian samples
analyzed by the CheMin instrument along the Gale crater stratigraphic section. Error bars represent
uncertainty to 1σ. Plagioclase abundance as wt. % of the crystalline sample fraction is displayed as a
gray line. The WJ sample was excluded due to its large uncertainty.

3.1.2. Alkali Feldspar Group Minerals

The alkali feldspar group, also a subset of the broader feldspar family, includes
four IMA-recognized mineral species: albite (NaAlSi3O8; triclinic), orthoclase (KAlSi3O8;
monoclinic), microcline (KAlSi3O8; triclinic), and sanidine (KAlSi3O8; monoclinic). These
end-members display a continuous solid solution series between K and Na, as well as
varying degrees of ordering of cations in the structural sites (i.e., the tetrahedral, Al-Si site),
resulting in changes to the crystal structure [78]. As with other mineral phases discussed
throughout this publication, alkali feldspar composition is the result of the physical and
chemical conditions of crystallization. Likewise, the crystallographic site ordering in alkali
feldspar is the result of temperature and pressure conditions and cooling rates—higher
temperature, lower pressure, and faster cooling result in disordered crystal structures,
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whereas lower temperature, higher pressure, and slower cooling rates result in more
ordered atomic arrangements. Albite can be ordered (low albite) or disordered (high albite)
and is commonly observed in lower-temperature igneous and metamorphic environments.
Orthoclase can be fully ordered to partially disordered and is often associated with higher-
temperature igneous and metamorphic rocks. Microcline can be fully ordered to partially
disordered, most often found in lower-temperature igneous rock such as granite. Sanidine
(i.e., high sanidine) is fully disordered and often found in volcanic rock, such as rhyolite.

Minerals 2024, 14, x FOR PEER REVIEW  12  of  39 
 

 

have a mean composition of Ca = 0.44(11), and the Gale crater mean is Ca = 0.40(8), ex-

cluding Windjana [the overall Gale mean including Windjana is Ca = 0.40(9)]. 

 

Figure 2. Frequency of occurrence of plagioclase as a function of composition [Ca/(Ca+Na)] in mar-

tian meteorites (brown) and Gale crater samples analyzed by CheMin (transparent tan overlay). 

3.1.2. Alkali Feldspar Group Minerals 

The alkali feldspar group, also a subset of the broader feldspar family, includes four 

IMA-recognized mineral species: albite (NaAlSi3O8; triclinic), orthoclase (KAlSi3O8; mon-

oclinic), microcline (KAlSi3O8; triclinic), and sanidine (KAlSi3O8; monoclinic). These end-

members display a continuous solid solution series between K and Na, as well as varying 

degrees of ordering of cations in the structural sites (i.e., the tetrahedral, Al-Si site), result-

ing  in  changes  to  the  crystal  structure  [78]. As with  other mineral  phases  discussed 

throughout this publication, alkali feldspar composition is the result of the physical and 

chemical conditions of crystallization. Likewise, the crystallographic site ordering in alkali 

feldspar is the result of temperature and pressure conditions and cooling rates—higher 

temperature,  lower pressure, and  faster cooling  result  in disordered crystal  structures, 

whereas lower temperature, higher pressure, and slower cooling rates result in more or-

dered atomic arrangements. Albite can be ordered (low albite) or disordered (high albite) 

and  is  commonly  observed  in  lower-temperature  igneous  and metamorphic  environ-

ments. Orthoclase can be fully ordered to partially disordered and is often associated with 

higher-temperature igneous and metamorphic rocks. Microcline can be fully ordered to 

partially disordered, most often found in lower-temperature igneous rock such as granite. 

Sanidine (i.e., high sanidine) is fully disordered and often found in volcanic rock, such as 

rhyolite. 

For this investigation, we assess the Na composition and ordering state of alkali feld-

spar in the samples analyzed by CheMin within Gale crater (Figure 3; Table 4; Table S3 of 

Supplementary Materials  contains  a machine-readable version of unit-cell parameters, 

compositions, ordering state, and associated uncertainties). Note that K composition may 

Figure 2. Frequency of occurrence of plagioclase as a function of composition [Ca/(Ca+Na)] in
martian meteorites (brown) and Gale crater samples analyzed by CheMin (transparent tan overlay).

For this investigation, we assess the Na composition and ordering state of alkali
feldspar in the samples analyzed by CheMin within Gale crater (Figure 3; Table 4; Table S3
of Supplementary Materials contains a machine-readable version of unit-cell parameters,
compositions, ordering state, and associated uncertainties). Note that K composition may
be calculated by difference from ideal. Our analysis focuses on samples with sufficiently
high alkali feldspar abundance to allow for the precise refinement of unit-cell parameters
(12 of 40 CheMin samples). Note that this model assumes a composition along the Na-K
solid solution and does not account for any potential celsian (BaAl2Si2O8) or anorthite
(CaAl2Si2O8) component—this choice was made in order to limit the complexity of the
crystal chemical functions; however, there are likely other chemical components present in
minor amounts. In the martian meteorite alkali feldspar analyzed for composition [73–77],
CaO was found in abundances up to 10.64 wt. %, BaO up to 2.93 wt. %, and Fe2O3 up
to 2.67 wt. %, with <1 wt. % other minor oxides including MgO, MnO, TiO2, and Cr2O3
(maximum = 0.70, 0.20, 0.17, 0.02 wt. %, respectively). Only 16% of martian meteorite alkali
feldspar contained >1 wt. % of elements other than K, Na, and Ca. While the uncertainty
associated with this method can accommodate the incorporation of Ca into the alkali
feldspar structure (see Figure 5), the ability of this structure to incorporate several other
elements demonstrates the need for a multi-element crystal chemical model for predicting
the composition of alkali feldspar (see Section 4.6.1 of Future Work below).
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Figure 3. Alkali feldspar unit-cell parameters plotted on the alkali feldspar quadrilateral (b unit-cell
parameter versus c unit-cell parameter, after Morrison et al. (2018) [8,9]. CheMin samples shown in
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Table 4. Unit-cell parameters and estimated Na compositions and ordering state of alkali feldspar
observed in Gale crater samples by the CheMin instrument. Uncertainty reported as 1σ. Machine-
readable version of table available in Supplementary Materials (Table S3).

Alkali Feldspar Unit-Cell Parameters, Compositions, and Ordering State

Sample a (Å) b (Å) c (Å) β (◦) Na (apfu) Ordering

JK 8.55(3) 12.95(3) 7.15(3) 115.73(14) 0.47(18) 0.1(4)
CB 8.53(3) 12.97(3) 7.18(3) 115.56(18) 0.23(19) 0.3(4)
WJ 8.578(6) 13.016(7) 7.165(7) 116.00(6) 0.13(5) −0.07(10)
CH 8.584(13) 13.009(18) 7.160(15) 115.96(13) 0.18(11) −0.1(3)
TP 8.53(2) 12.986(16) 7.152(15) 115.94(17) 0.31(11) −0.1(3)
BK 8.540(2) 13.01(2) 7.15(2) 115.80(10) 0.23(14) −0.2(3)
DU 8.62(4) 12.91(3) 7.20(8) 116.2(4) 0.3(5) 1(1)
GE 8.61(8) 12.99(3) 7.24(4) 117(2) −0.2(3) 1.1(5)

GE2 8.63(5) 12.89(4) 7.149(11) 115.96(8) 0.70(15) 0.5(3)
GG 8.62(3) 12.94(5) 7.22(3) 116.8(6) 0.1(3) 1.1(5)
CA 8.625(5) 12.932(15) 7.179(19) 116.62(14) 0.36(12) 0.6(3)

The abundance of alkali feldspar is relatively low in all samples analyzed by CheMin
in Gale crater, with the exception of Windjana [21.1(3.5) wt. % of the crystalline material].
The mean abundance of the CheMin samples, excluding Windjana, is 5.9(26) wt. % of the
crystalline material, with a range of 1.7(18) wt. % to 9.0(9) wt. %. The low abundance
contributes to higher uncertainty in the refined unit-cell parameters and the derived com-
positions and ordering states. The alkali feldspar samples measured with CheMin in Gale
crater, Mars, have a mean composition of Ab28(18) [Na0.28(18)K0.72(18)Al2)Si2O8] and an
ordering state ranging from fully ordered (1) to fully disordered (0) (Table 4; Figure 3). The
range of composition is Ab0(2) (Glen Etive sample) to Ab70(15) (Glen Etive 2). The range of
ordering is from −0.24(29) (Buckskin) to 1.08(43) (Glasgow). The Yellowknife Bay Forma-
tion samples have a mean alkali feldspar composition of Ab35(18) and a range of Ab23(19)
(Cumberland) to Ab47(18) (John Klein); the mean ordering state is 0.18(30), with John
Klein being nearly fully disordered at 0.05(36) and Cumberland being partially ordered at
0.31(40). The Kimberley Formation has only one sample, Windjana, but its abundance of
alkali feldspar is high [21.1(3.5) wt. % of the crystalline material]; its composition is Ab13(5),
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and its ordering state is fully disordered at −0.07(10). The Murray Formation has alkali
feldspar reported in 4 of its 14 samples; the mean Murray alkali feldspar composition is
Ab26(13), with a range from Ab18(11) (Confidence Hills) to Ab32(43) (Duluth); the mean or-
dering state is partially ordered at 0.15(57), with a range from fully disordered at −0.24(29)
(Buckskin) to fully ordered at 1.01(97) (Duluth). Note that Duluth has higher than mean
uncertainty both in composition and ordering state, despite having an abundance, abun-
dance uncertainty, and uncertainty in most unit-cell parameters in line with the mean Gale
samples. This could be due to several factors; specifically, (1) its uncertainty in the c unit-cell
parameter is higher than the mean, or (2) it may contain a chemical element(s) other than K
and Na, which this method is not equipped to quantify (see Discussion). Within the Murray
Formation, Pahrump Hills samples have a mean composition of Ab26(13) and are fully
disordered [mean ordering state = −0.14(16)]. The Carolyn Shoemaker Formation has alkali
feldspar reported in 3 of its 10 samples, with a low value of Ab0(2) (Glen Etive sample), a
high value of Ab70(15) (Glen Etive 2), and a mean of Ab19(39); the mean ordering state is
slightly disordered at 0.87(37), with a range of 0.46(26) (Glen Etive 2) to 1.08(43) (Glasgow).
The Mirador Formation has only one reported sample containing alkali feldspar, and that
is Canaima with Ab36(12) and partial ordering at 0.27(27).

The Gale crater alkali feldspar samples analyzed with CheMin have a similar com-
positional range but a distinctly different mean in comparison to martian meteorites
(Table 4; Figure 4). The origin of alkali feldspar in martian meteorites is complex and
appears to be a combination of primary magmatic processes and subsequent modifica-
tion by shock and high-temperature impact events [73–77]. Both sodic plagioclase and
K-feldspar, along with evidence of perthitic exsolution and reaction rims, have been re-
ported in martian meteorites. The significant amounts of alkali feldspar with subequal
amounts of K and Na further indicate compositions quenched well above the solvus, which
is rare on Earth but not unprecedented in high-temperature environments [79]. Figure 4
displays alkali feldspar frequency of occurrence by composition [i.e., Na/(K+Na)] for
martian meteorites [73–77] and the Gale crater samples. There are 786 martian meteorite
alkali feldspar samples represented in the graph and 11 Gale crater alkali feldspar samples.
Martian meteorites have a range of Na = 0.06 to Na = 0.98. The Gale samples have a range
of Na = 0.00(2) (Glen Etive) to Na = 0.70(15) (Glen Etive 2). Martian meteorites have a mean
composition of Na = 0.90(17), and the Gale crater mean is Na = 0.28(18).
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Figure 5 demonstrates that alkali feldspar has both a wide range of composition and
relatively large uncertainties in its compositional values. Even with these large uncer-
tainties, there are no Gale crater alkali feldspar samples with compositions of Ab > 80.
Likewise, while plagioclase has significantly lower uncertainty and nearly spans the entire
compositional range of martian meteorites, it too does not contain samples with Ab > 80.

Figure 5. Feldspar composition as a function of Or (% KAlSi3O8), Ab (% NaAlSi3O8), and
An (% CaAl2Si2O8) in martian meteorites and Gale crater samples analyzed by CheMin. Gale
crater sample error bars are at 1σ uncertainty.

3.2. Olivine Group Minerals

The olivine group of minerals consists of 22 IMA-approved species, with 8 being sili-
cates. Each of these phases exhibits the characteristic orthorhombic olivine crystal structure,
with the most common olivine phases being forsterite (Mg2SiO4) and fayalite (Fe2SiO4).
Mg-Fe olivine is the most abundant constituent of Earth’s mantle (i.e., peridotite) and is
often found to occur in mafic crustal rocks (i.e., basalt). Similarly, it is a component of many
other rocky bodies in our solar system, including Mars, the Moon, and meteorites repre-
senting various materials and planets (e.g., chondrites, achondrites, martian meteorites).
Forsterite and fayalite exhibit a complete solid solution, wherein Mg can substitute entirely
for Fe and vice versa, resulting in a range of intermediate compositions. The compositional
variation in this solid solution series is commonly expressed as Fo (forsterite) content,
representing the percentage of Mg2SiO4 in the mineral. On Earth, olivine typically falls
within the range of Fo70 (Mg1.40Fe0.60SiO4) to Fo90 (Mg1.80Fe0.20SiO4).

In this work, we determined the Mg and Fe composition of Mg-Fe olivine group minerals in
samples analyzed by CheMin within Gale crater (Table 5; Table S4 in Supplementary Materials
contains a machine-readable version of unit-cell parameters, compositions, and associated
uncertainties). Note that Mg and Fe are calculated independently and not constrained to sum
to 2 apfu. Our analysis is centered on samples with a significant abundance of Mg-Fe olivine,
enabling us to accurately refine the unit-cell parameters (7 of 40 CheMin samples). We assume
pure, Mn- and Ca-free Mg-Fe olivine in our compositional estimates. We make this assumption
in order to limit the computational complexity of the crystal chemical relationships and present
an estimation of the abundance of major elements; however, it is likely that minor elements
are present in these samples. In martian meteorites [73,77], all samples have a minimum
of 0.58 wt. % oxides other than FeO and MgO (i.e., TiO2, Al2O3, Cr2O3, MnO, and CaO), a
maximum of 2.01 wt. % other oxides, and a mean of 1.03 wt. % other oxides. While it is possible
that some of these minor oxides are related to inclusions or beam skirting onto another phase, it
is also likely that some minor amount of other elements are present in the Gale olivine samples
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(see Section 4.6.1 of Future Work below). Understanding the chemical makeup of these olivine
phases further enriches our understanding of the igneous processes and geologic conditions
that formed martian rocks, shedding light on the planet’s past environments and geological
evolution.

Table 5. Unit-cell parameters and estimated Mg and Fe compositions of olivine observed in Gale
crater samples by the CheMin instrument. Uncertainty reported as 1σ. Machine-readable version of
table available in Supplementary Materials (Table S4).

Olivine Unit-Cell Parameters and Compositions

Sample a (Å) b (Å) c (Å) Mg (apfu) Fe (apfu)

RK 4.785(3) 10.318(4) 6.025(3) 1.14(3) 0.86(3)
JK 4.791(19) 10.289(12) 6.044(16) 1.35(9) 0.65(9)
CB 4.81(4) 10.28(3) 6.03(5) 1.44(15) 0.56(15)
WJ 4.773(7) 10.289(10) 6.006(11) 1.35(7) 0.65(7)
GB 4.785(3) 10.327(3) 6.033(4) 1.08(3) 0.92(3)
OG 4.784(6) 10.311(7) 6.030(6) 1.19(6) 0.81(6)
EB 4.760(4) 10.302(4) 6.017(6) 1.26(3) 0.74(3)

The Gale crater olivine samples analyzed with CheMin have a similar mean but a signif-
icantly more limited range of composition relative to martian meteorites
(Table 5; Figure 6). Figure 6 displays the olivine frequency of occurrence by composition
[i.e., Mg/(Mg+Fe)] for martian meteorites [73,77] and the Gale crater samples. There are
617 martian meteorite olivine samples represented in the graph and 7 Gale crater olivine
samples, which include all of the scooped sediment samples analyzed by CheMin. Martian
meteorites have a mean composition of Mg = 0.61(16), and the Gale crater overall mean is
Mg = 0.63(6). The sediment samples have a lower mean than that of the fluviolacustrine and
cemented eolian samples, at Mg = 0.57(3) and Mg = 0.68(5), respectively. Martian meteorites
have a range of Mg = 0.17 to Mg = 0.85 and a distinctly bimodal distribution. The cluster of
meteorite samples with Mg < 0.45 are all classified as nakhlites (113 samples), whereas the
meteorites in the group of samples with Mg < 0.55 are shergottites (459 samples), dunites
(36), and clasts from black beauty (NWA 7533; 3 samples). The Gale sample compositions
have a range of Mg = 0.54(2) (Gobabeb) to Mg = 0.72(8) (Cumberland) and plot with the
high-Mg martian meteorite grouping associated with shergottites, nakhlites, and black
beauty.

3.3. Pyroxene Group Minerals

There are 29 IMA-recognized minerals that exhibit the pyroxene structure
(RRUFF.info/IMA; data accessed 6 September 2023). Pyroxene minerals are single-chain
silicates that form in either the monoclinic (dubbed clinopyroxene) or orthorhombic crystal
system (i.e., orthopyroxene). They have the general chemical formula M2M1Si2O6, where
M2 and M1 either are both divalent cations (primarily Ca, Fe2+, Mg) or contain monovalent
cations (Na, Li) in the slightly larger M2 site and trivalent cations (Al, Fe3+) in the slightly
smaller M1 site. Pyroxenes are common minerals in mafic igneous rocks (i.e., basalt, gabbro)
on Earth, with diopside (CaMgSi2O6), augite [(Ca,Mg,Fe)2Si2O6], and aegirine (NaFe3+

Si2O6) being among the most common, with 4135, 2060, and 1022 localities reported on min-
dat.org, respectively (https://rruff.info/mineral_list/MED/mineral_locality_count.php;
date accessed 6 September 2023). Pyroxene phases are also abundant in meteorites, in-
cluding martian meteorites, and lunar rocks [80]. Likewise, pyroxenes have also been
detected in abundance in Gale crater by the CheMin instrument team [3,9] and via remote
sensing [81,82]. These rock-forming minerals are notably sensitive to the temperature and
pressure of formation and are therefore used as thermometers and barometers to determine
the original conditions of crystallization [9,83,84].

https://rruff.info/mineral_list/MED/mineral_locality_count.php
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Figure 6. Frequency of occurrence of olivine as a function of composition [Mg/(Mg + Fe)] in martian
meteorites (brown) and Gale crater samples analyzed by CheMin (transparent tan overlay).

One or more pyroxene phases were detected in 32 of the 40 Gale crater samples
analyzed with the CheMin instrument, specifically augite [(Ca,Mg,Fe)2Si2O6], pigeonite
[(Mg,Fe,Ca)2Si2O6], and an orthopyroxene phase [(Mg,Fe2+

2)Si2O6]. However, due to
the overlapping XRD peaks of the various pyroxene phases, it is difficult to accurately
refine pyroxene unit-cell parameters of samples when multiple phases are present at the
current 2θ resolution of the CheMin instrument. Due to these issues, from the Highfield
sample onward, only total pyroxene is reported on the PDS and CheMin websites. For
these later samples, the identification of augite, pigeonite, and orthopyroxene was derived
from a detailed examination of the raw refinement outputs. This methodology allowed
us to approximate the pyroxene phases despite the challenges in achieving precise fits
due to overlapping peaks. Therefore, the results reported here should be considered a
best estimate and not a definitive result, as reflected in the reported large uncertainties.
While we cannot provide definitive results for pyroxene phases, these approximations can
provide insight into the general compositional range and phases present in Gale crater,
Mars.

3.3.1. Augite

Augite [(Ca,Mg,Fe)2Si2O6; monoclinic, C2/c], frequently referred to as high-calcium
pyroxene in planetary science, is a mineral commonly observed in mafic igneous rocks
(e.g., basalt, gabbro) on Earth and in various planetary environments, including the Moon
and Mars.

In this work, we report the composition of augite in samples analyzed by CheMin within
Gale crater (14 of 40 CheMin samples; Table 6; Table S5 in Supplementary Materials contains a
machine-readable version of unit-cell parameters, compositions, and associated uncertainties).
We assume no additional chemical components outside of the Mg-Fe-Ca-Si-O system in our
compositional estimates.
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Table 6. Unit-cell parameters and estimated Mg, Ca, and Fe compositions of augite observed in Gale
crater samples by the CheMin instrument. Uncertainty reported as 1σ. Machine-readable version of
table available in Supplementary Materials (Table S5).

Augite Unit-Cell Parameters and Compositions

Sample a (Å) b (Å) c (Å) β (◦) Mg (apfu) Ca (apfu) Fe (apfu)

RK 9.77(3) 8.924(13) 5.263(11) 106.5(3) 0.94(9) 0.72(4) 0.34(10)
WJ 9.744(9) 8.925(11) 5.258(10) 106.36(6) 1.03(7) 0.75(4) 0.21(9)
GB 9.785(15) 8.922(13) 5.276(13) 106.45(9) 0.89(8) 0.73(3) 0.38(9)
OG 9.73(5) 8.91(3) 5.268(12) 106.8(4) 1.27(19) 0.66(7) 0.1(3)
DU 9.698(13) 9.00(3) 5.25(4) 105.75(19) 0.57(12) 0.77(5) 0.66(16)
ST 9.63(8) 9.01(4) 5.236(10) 105.81(16) 0.7(3) 0.74(8) 0.6(4)
RH 9.74(3) 9.005(4) 5.239(8) 105.53(15) 0.41(6) 0.81(4) 0.78(7)
GR 9.66(16) 9.00(9) 5.24(5) 105.5(12) 0.8(6) 0.9(3) 0.4(8)
NT 9.58(16) 9.02(13) 5.22(6) 105.4(3) 1.0(8) 1.0(3) 0(1)
PT 9.73(7) 8.98(6) 5.25(6) 106.1(4) 0.6(3) 0.72(9) 0.7(4)
MG 9.81(9) 8.9(1) 5.23(5) 106.1(4) 0.9(4) 0.89(15) 0.2(5)
ZE 9.69(5) 9.0(1) 5.25(5) 106.0(5) 1.1(6) 1.0(3) −0.1(9)
CA 9.79(8) 8.90(8) 5.25(3) 106.3(7) 1.0(4) 0.82(13) 0.1(5)
TC 9.742(10) 8.939(16) 5.272(4) 106.3(2) 0.92(9) 0.76(5) 0.32(12)

3.3.2. Pigeonite

Pigeonite [(Mg,Fe,Ca)2Si2O6; monoclinic, P21/c], colloquially known as low-calcium
clinopyroxene, is another significant phase observed in planetary environments, including
the Moon and Mars [85–87]. Pigeonite is chemically and structurally intermediate between
C2/c augite (above) and Pbca orthopyroxene (below) [88].

In this work, we report the composition of pigeonite in samples analyzed by CheMin
within Gale crater (26 of 40 CheMin samples; Table 7; Table S6 in Supplementary Materials
contains a machine-readable version of unit-cell parameters, compositions, and associated
uncertainties). We assume no additional chemical components outside of the Mg-Fe-Ca
system in our compositional estimates.

Table 7. Unit-cell parameters and estimated Mg, Ca, and Fe compositions of pigeonite observed
in Gale crater samples by the CheMin instrument. Uncertainty reported as 1σ. Machine-readable
version of table available in Supplementary Materials (Table S6).

Pigeonite Unit-Cell Parameters and Compositions

Sample a (Å) b (Å) c (Å) β (◦) Mg (apfu) Ca (apfu) Fe (apfu)

RK 9.651(15) 8.942(18) 5.24(3) 108.35(18) 0.97(8) 0.00(3) 1.03(9)
JK 9.69(2) 8.917(18) 5.208(19) 108.57(14) 1.17(10) 0.19(6) 0.64(14)
CB 9.680(19) 8.93(2) 5.22(3) 108.53(10) 1.08(11) 0.14(8) 0.78(16)
WJ 9.648(16) 8.90(3) 5.210(16) 108.6(3) 1.29(13) 0.01(6) 0.70(15)
CH 9.651(16) 8.92(3) 5.210(16) 108.57(9) 1.10(9) 0.00(4) 0.90(9)
MJ2 9.67(3) 8.92(4) 5.20(4) 108.7(4) 1.14(16) 0.08(10) 0.8(3)
TP 9.67(4) 8.93(6) 5.19(4) 108.6(3) 1.1(3) 0.06(13) 0.9(3)
BS 9.672(9) 8.886(10) 5.222(9) 108.56(4) 1.44(7) 0.17(4) 0.40(9)
GB 9.68(2) 8.94(3) 5.25(3) 108.69(14) 0.94(12) 0.06(8) 1.00(17)
LB 9.67(3) 8.890(3) 5.21(3) 108.28(14) 1.54(17) 0.28(6) 0.18(17)
OK 9.667(7) 8.891(8) 5.217(8) 108.51(3) 1.39(7) 0.13(5) 0.48(10)
OG 9.68(4) 8.91(5) 5.25(4) 108.6(3) 1.2(3) 0.15(11) 0.6(3)
EB 9.63(3) 8.93(7) 5.17(3) 108.3(5) 1.2(3) 0.00(3) 0.9(3)
HU 9.68(4) 8.88(9) 5.189(18) 108.5(3) 1.5(5) 0.24(12) 0.3(6)
GG 9.61(7) 8.87(7) 5.26(8) 108.4(4) 1.6(3) 0.00(14) 0.4(4)
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Table 7. Cont.

Pigeonite Unit-Cell Parameters and Compositions

Sample a (Å) b (Å) c (Å) β (◦) Mg (apfu) Ca (apfu) Fe (apfu)

MA 9.633(16) 8.90(3) 5.206(13) 108.30(11) 1.29(10) 0.00(3) 0.71(10)
MA3 9.62(5) 8.92(4) 5.211(12) 108.5(3) 1.18(14) 0.00(4) 0.82(14)
GR 9.591(8) 8.99(3) 5.16(4) 107.89(13) 0.79(11) 0.00(3) 1.21(12)
NT 9.610(19) 8.95(3) 5.209(19) 107.77(17) 1.03(14) 0.0(3) 1.0(4)
BD 9.62(3) 8.98(3) 5.20(3) 108.08(15) 0.80(10) 0.00(3) 1.20(10)
PT 9.69(4) 8.82(4) 5.24(4) 109.16(18) 1.75(14) 0.15(4) 0.10(13)
MG 9.73(5) 8.83(4) 5.27(5) 109.0(3) 1.62(16) 0.23(5) 0.15(14)
ZE 9.68(5) 8.92(6) 5.223(19) 108.5(3) 1.2(3) 0.17(13) 0.6(4)
AV 9.70(3) 8.90(3) 5.262(7) 109.01(10) 1.26(12) 0.19(4) 0.54(13)
CA 9.70(5) 8.84(5) 5.25(3) 109.3(5) 1.55(18) 0.16(5) 0.29(17)
TC 9.70(7) 8.91(5) 5.25(4) 108.5(3) 1.2(3) 0.29(9) 0.5(3)

3.3.3. Orthopyroxene Group

Enstatite (Mg2Si2O6; orthorhombic, Pbca) and ferrosilite (Fe2Si2O6; orthorhombic,
Pbca), the two most common orthopyroxene group species, form a complete solid solution
series. Any phase along this solid solution series is commonly referred to in Earth and
planetary science as orthopyroxene [(Mg,Fe2+

2)Si2O6]. Orthopyroxene is often a component
of igneous rocks and has been identified in several planetary materials, including those of
the Moon, Mars, and various meteorites.

In this work, we report the composition of orthopyroxene in samples analyzed by CheMin
within Gale crater (18 of 40 CheMin samples; Table 8; Table S7 in Supplementary Materials
contains a machine-readable version of unit-cell parameters, compositions, and associated
uncertainties). We assume no additional chemical components outside of the Mg-Fe-Ca-Si-O
system in our compositional estimates.

Table 8. Unit-cell parameters and estimated Mg, Ca, and Fe compositions of orthopyroxene observed
in Gale crater samples by the CheMin instrument. Uncertainty reported as 1σ. Machine-readable
version of table available in Supplementary Materials (Table S7).

Orthopyroxene Unit-Cell Parameters and Composition

Sample Mg (apfu) Ca (apfu) Fe (apfu)

JK 0.75(8) 0.00(4) 1.25(8)
CB 0.83(8) 0.02(5) 1.16(10)
BS 0.69(7) 0.00(2) 1.31(7)
GH 0.80(8) 0.04(4) 1.16(9)
LB 0.81(10) 0.00(6) 1.19(11)
OK 0.9(2) 0.00(6) 1.1(2)
OU 0.81(11) 0.01(6) 1.19(12)
DU 1.3(3) 0.08(2) 0.6(3)
ST 0.73(5) 0.00(2) 1.27(5)
RH 1.5(3) 0.08(2) 0.4(4)
HF 0.99(12) 0.08(2) 0.93(12)
GR 1.24(15) 0.01(5) 0.75(16)
BD 1.15(8) 0.00(3) 0.85(8)
PT 1.15(10) 0.08(2) 0.77(10)
MG 1.0(3) 0.08(2) 1.0(3)
ZE 1.28(9) 0.08(2) 0.64(9)
AV 1.5(2) 0.08(2) 0.4(3)
CA 1.0(3) 0.01(5) 1.0(3)

The mean composition of Gale crater pyroxene is similar to that of martian mete-
orites [73–77], although there are some differences in their compositional ranges (Figure 7).
There are 2556 meteorite pyroxene samples plotted on the graph in Figure 7, along with 58
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samples from Gale crater (14 augite, 26 pigeonite, 18 orthopyroxene). In the martian mete-
orite dataset, there are 834 “high-Ca pyroxene” samples, where Ca/(Ca+Fe+Mg) ≥ 0.20, and
1722 “low-Ca pyroxene” samples [Ca/(Ca+Fe+Mg) < 0.20]. In the Gale crater dataset, there
are 14 “high-Ca pyroxene” samples and 44 “low-Ca pyroxene” samples. The mean compo-
sition of martian meteorite pyroxene is [Mg0.54(13)Fe0.30(10)Ca0.17(14)]2Si2O6. The mean Gale
crater pyroxene composition is [Mg0.54(14)Fe0.33(18)Ca0.13(16)]2Si2O6). The mean composition
of “high-Ca pyroxene” in martian meteorites is [Mg0.41(8)Fe0.23(8)Ca0.36(6)]2Si2O6, and the
mean of “low-Ca pyroxene” is [Mg0.60(33)Fe0.33(9)Ca0.07(4)]2Si2O6. The mole fractions of Fe,
Mg, and Ca in martian meteorites are in the ranges of 0.07–0.79, 0.07–0.83, and 0.00–0.50,
respectively. The mole fractions of Fe, Mg, and Ca in the Gale crater samples range from
−0.07 (Zechstein) to 0.66 (Big Sky), 0.21 (Rockhall) to 0.88 (Pontours), and 0.00 (several
pigeonite and orthopyroxene samples) to 0.50 (Zechstein), respectively. Note that Zechstein
augite has a negative estimated value of Fe; given that the uncertainties in unit-cell parame-
ters are no greater than average, it is likely that Zechstein contains appreciable amounts of
one or more other elements not accounted for with these algorithms (see Discussion). The
“high-Ca pyroxene” mole fractions in martian meteorites are in the ranges of Fe = 0.07–0.66
and Mg = 0.10–0.59, whereas those of “low-Ca pyroxene” are in the ranges of Fe = 0.16–0.79
and Mg = 0.07–0.83.

Figure 7. Pyroxene sample composition as a function of Ca (%), Mg (%), and Fe (%) in martian meteorites
and Gale crater samples analyzed by CheMin. Gale crater sample error bars are at 1σ uncertainty.

While the mean composition of martian meteorite and Gale crater pyroxene are similar,
distinct compositional domains are occupied by each suite of samples. Specifically, there are
several martian meteorite pyroxene samples that have higher Fe content than any samples
analyzed in Gale crater. In contrast, there are several Gale crater pigeonite and augite
samples with higher Mg content than any of the martian meteorites, as much as 0.11 mole
fraction Mg more than the highest abundance of Mg in a martian meteorite. Additionally,
martian meteorite pyroxene has many samples with compositions intermediate between
the augite and pigeonite + orthopyroxene compositions of Gale crater. This is likely due
to two reasons: (1) the intermediate compositions observed in martian meteorites are the
result of microprobe measurements performed on sample regions of augite and pigeonite
exsolution lamellae, resulting in the analysis of the composition of two crystallographically
distinct phases as one; (2) the microprobe can analyze the fine-scale zonation in pyroxene
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grains, capturing compositions of very small regions of more intermediate compositions.
In contrast, XRD provides an average of the total sample volume, potentially obscuring the
distinct intermediate phases of low abundance and resulting in a summed pattern.

3.4. Cubic Spinel Oxide Group Minerals

There are 30 IMA-recognized cubic spinel oxide minerals (rruff.info/ima; date accessed:
23 January 2024). Cubic spinel oxide group minerals have a general chemical formula of
AB2O4 and exhibit a cubic crystal structure. The A site is generally tetrahedral and accom-
modates 3+ cations, with 4+ and, rarely, 5+ cations substituting in this site. The slightly
larger, octahedral B site usually accommodates 2+ cations, with rare substitution of 3+ or 4+
cations and/or site vacancies (□). The cubic spinel oxide structure is known to accommo-
date many transition elements (Fe2+, Fe3+, Ti4+, Cr3+, Mn2+, Mn3+, Co2+, Co3+, Cu2+, Zn2+,
V2+, V3+, and Ni2+) and site vacancies as well as metals, metalloids, and non-metals (i.e.,
Mg2+, Ca2+, Si4+, Al3+, Ge4+, Sb5+). On Earth, spinel oxides are ubiquitous, with magnetite
(Fe2+Fe3+

2O4), chromite (Fe2+Cr3+
2O4), and spinel (MgAl2O4) being among the most common

and ringwoodite (Mg2SiO4) being an important component of Earth’s mantle. On Mars and in
martian meteorites, magnetite, chromite, maghemite [(Fe3+

0.67□0.33)Fe3+
2O4], and ulvöspinel

(Fe2+
2Ti4+O4), commonly referred to as titanomagnetite, have been frequently detected. A

detailed examination of spinel oxide composition and the distribution of elements in martian
meteorites can be found in the work of Morrison et al. (2018a) [8]. Spinel oxides form in a wide
range of environments, from igneous and hydrothermal processes to secondary alteration
and microbial mediation [54,55,89]. The composition of the spinel oxide phase provides
information about which of these varied conditions were most likely to have produced the
specimen in question. Therefore, it is critical that we attempt to narrow the possible spinel
oxide compositions present in the Gale crater samples analyzed by CheMin. However, the
cubic nature of the spinel crystal structure provides only one unit-cell parameter, the a cell
edge, and therefore, we are limited to providing a list of possible chemical systems and the
estimated composition should the sample be limited to that system (see Figure 8).
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solid solution series.

In this work, we report the composition of cubic spinel oxides in samples analyzed by
CheMin within Gale crater (19 of 40 CheMin samples; Table 9; Table S8 in Supplementary
Materials contains a machine-readable version of unit-cell parameters, compositions, and
associated uncertainties). An estimated composition is reported for each plausible two-
and three-component system, assuming no additional components outside of those stated

rruff.info/ima
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in the chemical formula. Estimated compositions are omitted for unit-cell parameters that
fall outside the plausible range for a given phase, resulting in implausible or impossible
chemical compositions. Note that these values provide a good estimate of the bulk compo-
sition of the spinel oxide phases, but it is likely that there are other minor components not
accounted for in the reported compositions.

Based on the compositional estimates, it is plausible that the cubic spinel oxide phases
in Gale crater contain some combination of Fe, site vacancies, Ni, Al, Mg, and/or Cr,
with the possibility of up to 0.01–0.02 Ti (apfu) (Table 9, Figure 8). Among the possible
compositional estimates, Fe content ranges from 0.51 apfu [assuming (Fe,Mg,Cr); Tele-
graph Peak] to 2.99 apfu (assuming (Fe,Ti) system; Big Sky), with a mean Fe content of
2.44(75) apfu. If we assume a Fe- and site-vacancy-only composition, the mean Gale crater
cubic spinel oxide is magnetite with a Fe content of 2.81(8) apfu [Fe2.81(8)□0.19(8)O4]. If we
assume a composition in the FeAl2O4 system, the mean Gale crater cubic spinel oxide is
magnetite with a mean composition of Fe2.78(15)Al0.22(15)O4. If we assume that only Ni
substitutes for Fe, the mean Gale crater composition is Fe2.59(21)Ni0.41(21)O4. If we assume
the samples exist in the Fe1−xAl2−y□x+yO4 chemical space, the mean Gale composition is
Fe2.69(12)Al0.15(7)□0.16(6)O4. Twelve of the seventeen CheMin samples had unit-cell parame-
ters that could possibly correspond to a cubic spinel oxide composition in the Fe-Mg-Cr sys-
tem; the mean composition of those twelve CheMin samples is Cr2.00(5)Fe0.81(21)Mg0.19(21)O4.
Three CheMin samples (Big Sky, Greenhorn, and Hutton) had unit-cell parameters that
indicate the possibility of a composition in the Fe-Mg solid solution; the mean composition
of these samples, assuming Fe-Mg only, is Fe2.37(16)Mg0.63(16)O4. Two samples had unit-cell
parameters that indicated the possibility of containing Ti, specifically the solid solution be-
tween Fe and Ti; assuming Fe and Ti only, the Big Sky sample has an estimated composition
of Fe2.99(3)Ti0.01(3)O4, and the Hutton sample has a composition of Fe2.98(3)Ti0.02(3)O4.
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Table 9. Unit-cell parameters and estimated chemical compositions, as cation apfu, of cubic spinel oxides observed in Gale crater samples by the CheMin
instrument. Estimated compositions are omitted (“--”) for unit-cell parameters that fall outside the plausible range for a given phase. Uncertainty reported as 1σ.
Machine-readable version of table available in Supplementary Materials (Table S8).

Cubic Spinel Oxide Unit-Cell Parameters and Compositions

Source RK JK CB WJ CH MJ2 TP BK BS GH GB LB OK OG ST EB HU

a (Å) 8.381(4) 8.372(2) 8.369(2) 8.373(1) 8.365(3) 8.357(2) 8.355(1) 8.359(1) 8.389(1) 8.387(1) 8.380(8) 8.380(3) 8.383 8.370(17) 8.313(14) 8.362(3) 8.391(1)

Fe3−x□xO4 Fe (apfu) 2.86(5) 2.82 (5) 2.81(5) 2.83(5) 2.79(5) 2.76(5) 2.75(5) 2.77(5) 2.90(5) 2.89(5) 2.86(6) 2.86(5) 2.87(5) 2.81(9) 2.57(8) 2.78(5) 2.91(5)

MgFe2O4
Fe (apfu) -- -- -- -- -- -- -- -- 2.37(9) 2.22(9) -- -- -- -- -- -- 2.52(12)
Mg (apfu) -- -- -- -- -- -- -- -- 0.63(9) 0.78(9) -- -- -- -- -- -- 0.48(12)

Fe2TiO4
Fe (apfu) -- -- -- -- -- -- -- -- 2.99(3) -- -- -- -- -- -- -- 2.98(3)
Ti (apfu) -- -- -- -- -- -- -- -- 0.01(3) -- -- -- -- -- -- -- 0.02(3)

FeAl2O4
Fe (apfu) 2.87(4) 2.79(3) 2.77(3) 2.80(2) 2.74(3) 2.67(3) 2.65(2) 2.69(2) 2.93(2) 2.92(2) 2.86(7) 2.86(3) 2.89(2) 2.78(14) 2.31(12) 2.71(3) 2.95(2)
Al (apfu) 0.13(4) 0.21(3) 0.23(3) 0.20 0.26(3) 0.33(3) 0.35(2) 0.31(2) 0.07(2) 0.08(2) 0.14(2) 0.14(3) 0.11(2) 0.22(14) 0.69(12) 0.29(3) 0.05(2)

NiFe2O4
Fe (apfu) 2.73(4) 2.57(3) 2.52(3) 2.59(2) 2.44(3) 2.03(3) 2.27(2) 2.34(2) 2.87(2) 2.84(2) 2.71(7) 2.71(3) 2.76(2) 2.53(14) -- 2.38(3) 2.91(2)
Ni (apfu) 0.27(4) 0.43(3) 0.48(3) 0.41(2) 0.56(3) 0.70(3) 0.73(2) 0.66(2) 0.13(2) 0.16(2) 0.29(7) 0.29(3) 0.24(2) 0.47(14) -- 0.62(3) 0.09(2)

(FeMgCr3+)3O4

Fe (apfu) 1.09(9) 0.89(5) 0.82(5) 0.91(3) 0.73(7) 0.55(5) 0.51(3) 0.60(3) -- -- 1.07(18) 1.07(7) -- 0.84(38) -- 0.66(7) --
Mg (apfu) −0.09(9) 0.11(5) 0.18(5) 0.09(3) 0.27(7) 0.45(5) 0.49(3) 0.40(3) -- -- −0.07(18) −0.07(7) -- 0.16(38) -- 0.34(7) --
Cr (apfu) 2.00(13) 2.00(7) 2.00(7) 2.00(5) 2.00(10) 2.00(7) 2.00(5) 2.00(5) -- -- 2.00(26) 2.00(10) -- 2.00(54) -- 2.00(10) --

Fe1−xAl2−y□x+yO4

Fe (apfu) 2.76(5) 2.71(4) 2.69(4) 2.71(4) 2.66(5) 2.61(4) 2.60(4) 2.62(4) 2.82(4) 2.80(4) 2.76(7) 2.76(5) 2.78(4) 2.69(12) 2.32(10) 2.64(5) 2.83(4)
Al (apfu) 0.11(6) 0.14(6) 0.15(6) 0.14(6) 0.16(6) 0.19(6) 0.20(6) 0.19(6) 0.08(6) 0.08(6) 0.11(7) 0.11(6) 0.10(6) 0.15(9) 0.36(8) 0.18(6) 0.07(6)

Vac (□pfu) 0.13(8) 0.16(7) 0.16(7) 0.15(7) 0.18(8) 0.20(7) 0.20(7) 0.19(7) 0.11(7) 0.11(7) 0.13(9) 0.13(8) 0.12(7) 0.16(15) 0.32(13) 0.18(8) 0.10(7)
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Figure 9 explores the composition and elemental distribution of major elements measured
in 531 samples of spinel oxide from martian meteorites [74,75,90–131]. Martian meteorites
have a mean Fe content of 1.77(73) apfu, with a range of 0.62–2.97 apfu; Mg has a mean of
0.11(10) apfu and a range of 0.00–0.43 apfu and was observed in 530 of the samples; Al has
a mean of 0.18(13) apfu with a range of 0.001–1.01 apfu; Cr has a mean of 0.64(65) apfu and
a range of 0.00–1.70 apfu and was found in 494 samples; and Ti has a mean of 0.27(25) apfu
with a range of 0.003–0.95 apfu. In addition to the elements present in major abundance,
there are several other minor elements found in various samples of the martian meteorite
spinel. Manganese was found in 517 samples, with a maximum abundance of 0.045 apfu;
Si was detected in 345 of the samples, with a maximum of 0.051 apfu; 333 samples were
found to have V, at a maximum value of 0.054 apfu; Ca was observed in 216 samples, with a
maximum abundance of 0.020 apfu; 107 samples contain Ni, with a maximum abundance
of 0.012 apfu; Co was detected in 71 samples, with a maximum of 0.007 apfu. Zinc was
found in 59 of the samples, with a maximum abundance of 0.008 apfu; 17 samples contained
K (maximum = 0.001 apfu); 13 samples contained Na (maximum = 0.014 apfu); and 9 samples
contained P (maximum 0.004 apfu).

It is plausible, based on the unit-cell parameters, that the composition of the spinel
oxide analyzed in Gale crater is similar to that of martian meteorites. The notable exception
is Ti, which is not plausible based on the calculations of the two- and three-element systems
explored herein. However, it is probable that the composition of the Gale crater samples is
more complex than 2–3 chemical elements, in which case some minor amount of Ti could
be present in the sample.

Minerals 2024, 14, x FOR PEER REVIEW  25  of  39 
 

 

 

Figure 9. Violin plot of martian meteorite spinel oxide elemental concentrations (apfu) distributions. 

Each violin  represents  the distribution of major elements  (Fe, Mg, Al, Cr, and Ti) across  the 531 

sampled meteorites. The width of each violin indicates the density of data points. 

If  we  assume  a  composition  along  the  magnetite  (Fe2+Fe3+2O4)–maghemite 

[(Fe3+0.67☐0.33)Fe3+2O4] solid solution, the cubic spinel oxide measured with CheMin in the 

fluviolacustrine and cemented eolian rock samples of Gale crater, Mars, has a mean com-

position of Fe2.81(8)☐0.19(8)O4  (Table 9; Figure 10). The range of composition  is Fe (apfu) = 

2.57(8) (Stoer)  to Fe = 2.91(5) (Hutton). The Yellowknife Bay Formation samples have a 

mean magnetite composition of 2.82(4) Fe (apfu) and a range of 2.81(5) Fe (Cumberland) 

to 2.82(5) Fe (John Klein). The Pahrump Hills unit of  the Murray Formation contains a 

cubic spinel oxide phase throughout the section; its mean magnetite composition is 2.77(3) 

Fe (apfu) with a range of 2.71(5) Fe (Telegraph Peak) to 2.79(5) Fe (Confidence Hills). One 

other Murray Formation sample, Stoer of the Pettegrove Point Member, contains a cubic 

spinel oxide, albeit in relatively low abundance (0.7 wt. % of the crystalline material). The 

Stoer magnetite composition is 2.57(8) Fe (apfu), significantly lower than that of the other 

Murray Formation  (Pahrump Hills)  samples and  lower  still  than  the other Gale  crater 

samples. The Stimson Formation samples each contain a cubic spinel oxide phase, with a 

mean magnetite composition of 2.86(5) Fe  (apfu). The composition  in  the Stimson For-

mation ranges from Fe (apfu) = 2.78(5) (Edinburgh) to 2.90(5) (Big Sky). Only one sample 

of the upper stratigraphic units contains appreciable magnetite—the Hutton sample of the 

Carolyn Shoemaker Formation with a magnetite composition of 2.91(5) Fe (apfu). 
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Each violin represents the distribution of major elements (Fe, Mg, Al, Cr, and Ti) across the 531
sampled meteorites. The width of each violin indicates the density of data points.

If we assume a composition along the magnetite (Fe2+Fe3+
2O4)–maghemite

[(Fe3+
0.67□0.33)Fe3+

2O4] solid solution, the cubic spinel oxide measured with CheMin in
the fluviolacustrine and cemented eolian rock samples of Gale crater, Mars, has a mean
composition of Fe2.81(8)□0.19(8)O4 (Table 9; Figure 10). The range of composition is Fe (apfu)
= 2.57(8) (Stoer) to Fe = 2.91(5) (Hutton). The Yellowknife Bay Formation samples have a
mean magnetite composition of 2.82(4) Fe (apfu) and a range of 2.81(5) Fe (Cumberland) to
2.82(5) Fe (John Klein). The Pahrump Hills unit of the Murray Formation contains a cubic
spinel oxide phase throughout the section; its mean magnetite composition is 2.77(3) Fe
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(apfu) with a range of 2.71(5) Fe (Telegraph Peak) to 2.79(5) Fe (Confidence Hills). One
other Murray Formation sample, Stoer of the Pettegrove Point Member, contains a cubic
spinel oxide, albeit in relatively low abundance (0.7 wt. % of the crystalline material). The
Stoer magnetite composition is 2.57(8) Fe (apfu), significantly lower than that of the other
Murray Formation (Pahrump Hills) samples and lower still than the other Gale crater
samples. The Stimson Formation samples each contain a cubic spinel oxide phase, with a
mean magnetite composition of 2.86(5) Fe (apfu). The composition in the Stimson Forma-
tion ranges from Fe (apfu) = 2.78(5) (Edinburgh) to 2.90(5) (Big Sky). Only one sample of
the upper stratigraphic units contains appreciable magnetite—the Hutton sample of the
Carolyn Shoemaker Formation with a magnetite composition of 2.91(5) Fe (apfu).
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abundance as wt. % of the crystalline sample fraction is displayed as a gray line.
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4. Discussion
4.1. Plagioclase

The comprehensive analysis of plagioclase compositions in Gale crater fluviolacustrine
and eolian samples offers a window into the crystallization history and environmental
conditions on Mars during the formation of these minerals. The dominance of intermediate
to high anorthite content (An14 to An59) is indicative of a Ca-rich parental material, likely
basaltic to andesitic in nature. The variability in plagioclase composition throughout
the Gale crater stratigraphy signals a dynamic geological setting, possibly characterized
by fluctuations in temperature, pressure, the availability of Ca and Na, and fractional
crystallization [54,62]. The relatively higher anorthite content in the Aberlady sample
(An59) may point to crystallization from a more Ca-rich melt or under conditions where
Ca was more readily incorporated into the plagioclase crystal lattice, such as at higher
pressures or temperatures. Contrastingly, the lower anorthite content in the Edinburgh
sample (An24) could reflect crystallization from a more Na-rich or Ca-depleted source, or
at conditions favoring lower temperatures. The mean composition of An40 for Gale crater
plagioclases aligns closely with the mean martian meteorite plagioclase composition (An44),
suggesting that the petrogenetic processes responsible for the formation of plagioclase at
Gale crater are broadly representative of those at work elsewhere on Mars. This could imply
a degree of homogeneity in the martian crust’s composition or at least in the environments
where these samples originated.

The plagioclase composition in Gale crater samples, derived from CheMin data, in-
dicates a Mars that has experienced a complex history of magmatic processes, with the
resultant plagioclase compositions recording changes in pressure, temperature, and magma
composition during crystallization.

4.2. Alkali Feldspar Group Minerals

The data from CheMin samples offer insights into the crystallization environment
of alkali feldspar minerals, reflecting the thermal and geochemical history of the mar-
tian crust in Gale crater. The CheMin data show a compositional range in Gale crater
alkali feldspars from Ab0 to Ab70, with a mean composition of Ab28. The presence of
highly disordered sanidine indicates that some of the alkali feldspar samples formed
in high-temperature volcanic settings, likely from rapidly cooling lava flows or tephra
deposits [54,62]. In situ precipitation of disordered alkali feldspar at the Windjana location
resulting from hydrothermal fluid interactions with plagioclase feldspar could also be
possible [16]. However, the data also suggest a range of cooling rates, given the variation
in the degree of ordering observed in some of the samples. While most of the samples
are fully disordered or only slightly ordered, there are a few samples (i.e., Glen Etive,
Glen Etive 2) that display higher degrees of ordering. This ordering could be due to a
slower initial crystallization in an igneous or hydrothermal setting or could be due to
post-crystallization thermal processes that led to annealing. The compositions and order-
ing of the alkali feldspar in Gale crater point to a parent body that was K-rich, possibly
Na-depleted. The absence of alkali feldspar compositions with Ab > 80 indicates a lack
of sodium-rich environments in the Gale crater crustal history sampled by the CheMin
instrument. The mean composition of Gale crater samples is significantly lower in Na
than that of martian meteorites (Ab90). This may indicate that the Gale crater site is a
distinct crustal component of Mars, not widely represented in the meteorite samples. This
finding is significant as it could point to local geological processes that may not be global in
nature on Mars, such as localized magma differentiation or alteration phenomena, and can
provide constraints to models of the martian crust, suggesting that the conditions necessary
to form Na-rich feldspars either did not exist or are not preserved in the regions sampled
by CheMin.

The alkali feldspar results from Gale crater provide a nuanced picture of the martian
crust’s thermal and geochemical history. The presence of potassium-rich feldspar and the
degree of ordering demonstrate a complex interplay of crystallization, cooling rates, and
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possibly subsequent thermal alteration. Comparisons with martian meteorites highlight
the diversity of martian crustal processes and underscore the importance of in situ analyses
for understanding the geologic history of Mars.

4.3. Olivine Group Minerals

The presence of olivine (i.e., forsterite) in Gale crater is indicative of the primary
magmatic processes that have taken place on Mars. The composition of the olivine provides
insight into the mantle composition, degree of partial melting and fractionation, and
cooling history of the martian crust [54,62,132–134]. The intermediate to high values of Mg
content in the Gale crater olivine (Fo54–Fo72) indicate a relatively Mg-rich parent body,
possibly a relatively high-temperature magmatic source that did not experience significant
Fe-enrichment through fractional crystallization or alteration. This suggests that Gale crater
olivine crystallized relatively early, capturing the composition of the early mantle or early
differentiation of basaltic crust. The comparison of martian meteorites further supports the
conclusion that Gale olivine is from a primitive, relatively undifferentiated source. Gale
olivine shows a similar composition to that of shergottites, which are thought to form
through the rapid cooling of primitive, mantle-derived basalts. In contrast, nakhlites tend
to have higher Fe content and are thought to form through slower cooling of relatively
evolved magmas that have undergone extensive differentiation. Additionally, given the
extensive history of aqueous alteration and olivine’s instability under such conditions (i.e.,
generally resulting in serpentinization [135]), it is noteworthy that olivine can still be found
in several of the sedimentary rock layers. It is likely, given the sedimentary nature of these
rocks, that the materials were sourced from several distinct areas that underwent varying
degrees of alteration prior to consolidation and cementation into their current strata. In
addition to providing information about the alteration experienced by the original source
rock, it is also likely that the presence of olivine in a Gale crater stratigraphic unit is an
indicator of a restricted amount of post-lithification alteration.

The olivine composition observed in Gale crater provides insight into the early mantle
and crust on Mars. They underscore a history of a planet with a mantle composition and
thermal evolution that has fostered the preservation of early magmatic products, offering a
window into the formative years of martian geology and its subsequent evolution.

4.4. Pyroxene Group Minerals

The presence of augite, pigeonite, and/or orthopyroxene in 32 out of 40 samples
underscores the importance of pyroxenes as markers of petrologic processes on Mars.
Despite the large error bars in the compositional estimates, these preliminary findings
allow us to make some broad inferences about the petrology of the samples, including the
conditions of temperature, pressure, and depth of formation, as well as insights into the
protolith from which these minerals crystallized. The variety of pyroxene compositions,
from Fe-rich to Mg-dominant, suggests a range of igneous processes have shaped the rocks
in Gale crater [54,62]. The occurrence of pigeonite and augite points to a history of magmatic
activity, possibly from basaltic flows or intrusions, where relatively high temperatures were
prevalent during the crystallization processes. Pigeonite and orthopyroxene are often found
in tholeiitic basalt, a relatively silica-rich, evolved mafic rock commonly observed on Earth
at mid-ocean ridges (MORB) and on the moon in the lunar maria [136]. The occurrence
of orthopyroxene may indicate either crystallization from a high magnesium basaltic lava
or a subsequent thermal metamorphism that could have affected the primary minerals.
The diversity in pyroxene phase and chemistry can be indicative of varying cooling rates
and/or a range in the degree of partial melting or fractional crystallization, and therefore
the potential for multiple generations of igneous activity.

Note that while the mean compositions of martian meteorite and Gale crater pyroxene
are similar, distinct compositional domains are occupied by each suite of samples. There
are several Gale crater pigeonite and augite samples with higher Mg content than any
of the known martian meteorites, as much as 0.11 mole fraction Mg more than the most
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Mg-rich clinopyroxene in a martian meteorite. This suggests that martian meteorites do
not represent all mineralogical and petrological domains present in Gale crater.

In summary, pyroxenes, including augite, pigeonite, and orthopyroxene found in
martian sedimentary rock samples from Gale crater, suggest a complex history of high-
temperature magmatic and volcanic processes and variable cooling rates, indicative of
diverse igneous activity on Mars, and likely represent terrains not represented by the suite
of martian meteorites studied on Earth.

4.5. Spinel Oxide Group Minerals

Oxide spinel minerals observed in sedimentary rocks were likely derived from igneous
protoliths and may have many different origins. With the CheMin results in Gale crater, we
can narrow the possible compositions present at this location on Mars, thereby providing
some insight into the past mineralizing environments. It is reasonable to assume that in
addition to Fe, there may also be some amount of site vacancies, Al, Cr, Ni, Mg, and/or Mn.
Cation-deficient magnetite (i.e., magnetite with site vacancies) is an alteration product of
olivine, resulting from diagenetic oxidation in a near-surface environment [9,21]. Given the
likely igneous protolith, the known presence of olivine in some rock units, and the probable
diagenesis that occurred post-deposition in a sedimentary basin, it is reasonable to expect
this mode of mineralization. Aluminum and Mg, as a minor substituent in magnetite, as
well as Cr, as a minor to major substituent in magnetite or as chromite, are common in
basaltic rocks, with Cr possibly reflecting an ultramafic source. Nickel is rarely observed in
martian meteorite spinels; on Earth, it is associated with spinel oxides from trace amounts to
major, Ni-dominant phases, all of which are commonly associated with ultramafic igneous
sources, and, to a lesser extent, hydrothermal mobilization [54]. While Ti is a common
substituent in martian meteorite magnetite, the CheMin results support the presence of
little to no Ti in the Gale crater spinel, which might be indicative of the local geology or the
specific alteration processes the crater has undergone. It is possible for some minor amount
to be present with complex substitution of smaller ionic radii elements, but it is clearly not
present in high abundances.

These findings demonstrate the likelihood of multiple generations of spinel oxides in
Gale crater, crystallizing from several distinct mineralizing processes, in particular extrusive
mafic rock (basalt) and the diagenetic alteration thereof.

4.6. Future Work

In addition to the continued development of spacecraft X-ray diffraction instrumenta-
tion to increase speed, efficiency, and resolution [137–140] which are necessary to address
the challenges associated with the extreme environmental conditions on Mercury and
Venus, our future work will leverage advanced machine learning methods and a growing
base of mineralogical information to extend the analysis of mineral XRD data to more
complex and diverse mineral systems [141,142]. By refining predictive models for both
major and minor elements, we aim to gain a deeper understanding of the geological histo-
ries across planetary bodies, with a particular focus on Mars. We will explore an array of
minerals—including carbonates, phosphates, sulfates, halides, oxides, and silicates—and
we will examine their mineralizing environments and paragenetic modes on Earth and
in meteorites in order to characterize the formational conditions and alteration histories
of the planetary bodies in our solar system [54,56–63]. These efforts will contribute to the
development of next-generation mineralogical spacecraft instrumentation, enhancing the
capabilities of X-ray diffraction analysis for future space missions and creating the most
powerful mineralogical analysis technique in space exploration.

4.6.1. Expanding Chemical Complexity

Building on the foundation of the work presented herein, we will use machine learn-
ing methods and the wealth of mineral X-ray diffraction and chemical data to extend our
investigations beyond the limited compositional ranges explored in this study. While
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regression and optimization methods are suitable for estimating major elements in two-
and three-component systems (e.g., Mg-Fe in olivine, Mg-Fe-Ca in pyroxene), machine
learning frameworks (e.g., Label Distribution Learning [143]) employ advanced analytical
methods (e.g., k-nearest neighbor, neural networks, Bayes classifiers, Support Vector Ma-
chines) capable of characterizing major and minor elements in mineral systems with many
compositional components [141,142,144]. This work will include the following: (1) It will
include the incorporation of major and minor elements naturally occurring in the mineral
systems explored here and in the work of Morrison et al. (2018) [8,9]. (2) This work will be
expanded to other planetary-relevant mineral systems (see Section 4.6.2 below) with an
aim towards preparation for future spacecraft missions. (3) These crystal chemical methods
will be extended to use site positions and occupancies in addition to unit-cell parameters,
with a particular focus on cubic mineral systems, including garnet and spinel oxide. This
approach will greatly expand our ability to make predictions in previously limited cubic
mineral systems. (4) Our machine learning models will be refined to better handle the
sparsity and size limitations characteristic of mineralogical data. This refinement will focus
on algorithmic adjustments for enhanced data extrapolation and robustness in sparse data
environments, thereby broadening the interpretive capabilities of XRD analysis in planetary
missions, including MSL. (5) Alongside these technical developments, concerted efforts
will be directed towards characterizing the relationships among mineral composition and
their paragenetic modes, constructing a more comprehensive understanding of the geologic
history of minerals on Earth and other planets in our solar system [54,55,145].

This approach enables the prediction of complex, multi-component compositions in
a myriad of mineral systems from XRD data alone. Minor elements contain a wealth of
information regarding their formational conditions and alteration histories (e.g., geother-
mometers, geobarometers, and indicators of fluid interactions, redox conditions, hydrother-
malism, and metamorphism). Unlocking the geochemical nuances of martian mineralogy
will allow us to interpret the geological history of Mars with greater precision, and these
generalizable methods will allow us to expand these estimations throughout our solar
system. The combination of mineralogical data, crystal chemical relationships, machine
learning, and X-ray diffraction results in the most powerful mineralogical spacecraft instru-
mentation to date.

4.6.2. Expanding to Other Mineral Systems

The exploration of mineral systems on Mars and other planetary bodies presents
numerous opportunities for advancing our understanding of planetary geology. For
the CheMin instrument on Mars and potential instruments on future missions, we will
explore other mineral systems and develop new crystal chemical algorithms for esti-
mating the composition of all planetary-relevant mineral phases. These mineral sys-
tems include the following: Carbonates, such as those of the calcite structure {calcite
[Ca(CO3)], magnesite [Mg(CO3)], and siderite [Fe(CO3)]}, are important for understand-
ing the aqueous, atmospheric, and habitability history of a planetary surface, including
pH, temperature, and composition [55,64,65,146]. Phosphates, such as those of the ap-
atite crystal structure {fluor-, chlor-, and hydroxyl-apatite [Ca5(PO4)3(F,Cl,OH)]} and the
cerite structure {merrillite [Ca9NaMg(PO4)7], ferromerrillite [Ca9NaFe2+(PO4)7], whitlock-
ite [Ca9Mg(PO3OH)(PO4)6]}, are key indicators of hydrothermal activity and can trap
volatiles (e.g., F, Cl, and H). They are important for understanding water–rock interac-
tions and have potential biological relevance due to the role of phosphorus in terrestrial
life [55]. Additionally, phosphate minerals are crucial for studying the origin and evolution
of KREEP, a component rich in K, rare earth elements, and P, which is a marker of extreme
evolution from primordial lunar magma(s) and remains poorly understood yet widely
distributed. Sulfates, such as those of the kieserite structure {kieserite [Mg(SO4)·H2O]
and szomolnokite [Fe(SO4)·H2O]} and the starkeyite structure {starkeyite [Mg(SO4)·4H2O],
rozenite, [Fe2+(SO4)·4H2O], and ilesite [Mn2+(SO4)·4H2O]}, and calcium sulfates {gypsum
[Ca(SO4)·2H2O], bassanite [Ca(SO4)·0.5H2O], and anhydrite [Ca(SO4)} are important mark-
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ers for evaporative and diagenetic processes and fluid chemistry, aiding in reconstructing
past water activity and temperature in an environment [28,55]. Other phases for exploration
include halides [e.g., halite (NaCl) and sylvite (KCl)], oxides {e.g., corundum structure
[hematite (Fe2O3), ilmenite (Fe2+Ti4+O3), geikielite (MgTiO3)] and rutile structure [rutile
(TiO2), pyrolusite (MnO2)]}, and silicates (e.g., amphibole, garnet)

4.6.3. Expanding to Other Planets

Exploring the crystal chemistry of minerals in situ by means of XRD is not only critical
for understanding the formation and evolution of Mars, but arguably of even greater im-
portance for Venus and Mercury. Mars is the only planet in our solar system whose mineral
composition can be studied on Earth in the form of martian meteorites. The chemical and
mineralogical analysis of these crustal fragments excavated by impacts on Mars that found
their way to Earth allowed the estimation of the global interior structure, composition, and
mantle dynamics of our neighboring planet in the Pre-InSight era [147–149]. No Venusian
meteorite has ever been found on Earth [150], and there is also considerable doubt sur-
rounding the putative Mercurian meteorite NWA 7325 [151]. Thus, the only way to access
reliable chemical and mineralogical information on the crust of the innermost planets in
our solar system is in situ by means of XRD. Studying their surface properties from orbit is
particularly challenging because Venus is concealed by a thick atmosphere and exhibits
only a few narrow spectral windows [152] that allow light reflected from its surface to be
probed, and Mercury exhibits hardly any diagnostic absorption features in the visible and
infrared spectral range [153]. In addition, both planets are characterized by extreme envi-
ronmental conditions which substantially shorten the lifetime of a potential lander mission.
These challenges are currently being addressed with the development of a Guinier-type
XRD instrument capable of studying multiple samples simultaneously (137-140). This
instrument will not only exhibit a higher angular resolution than CheMin—allowing Bragg
scattering contributions to be accurately disentangled from various pyroxene phases as well
as resulting in an overall improvement in the accuracy of crystal chemical studies—but also
enable much faster data collection. Both capabilities combined make these next-generation
XRD instruments ideal candidates for future landed missions to Venus and Mercury and
could provide us with a first insight into the crystal chemical properties of the crustal rocks
of both inner planets which in turn may shed light on their global internal structure and
planetary evolution.

5. Conclusions

The comprehensive analysis of Gale crater’s mineral composition using the CheMin X-
ray diffraction instrument and crystal chemical methods has provided valuable insights into
the geological history and mineralogical diversity of this region on Mars. The detection of a
variety of minerals, including plagioclase, olivine, pyroxene, and spinel oxides, underscores
the complex geological history of Gale crater. The presence of both primary igneous
minerals and secondary alteration phases suggests a dynamic environment influenced
by both magmatic activity and subsequent aqueous alteration. Therefore, the accurate
predictions of mineral compositions further our understanding of the conditions under
which these minerals formed. This methodology has proven effective in estimating the
compositions of major mineral phases from XRD data, providing a robust framework for
future planetary mineralogical studies. Additionally, by comparing the CheMin-analyzed
samples with martian meteorites, we have identified similarities and differences that offer
clues to the broader geological processes at play on Mars. This comparative approach
has helped to contextualize the Gale crater findings within the larger martian geological
framework.

These findings not only advance our understanding of martian mineralogy but also
contribute to the broader field of planetary science by demonstrating the efficacy of X-ray
diffraction coupled with crystal chemical modeling in unraveling the mineralogical history
of extraterrestrial bodies. Future work will focus on refining these methodologies and
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expanding the dataset to include additional chemical complexity, lower detection limits,
additional mineral phases, and other planetary bodies. Additionally, the development of
next-generation XRD instruments will further enhance our ability to characterize planetary
surfaces with greater precision and efficiency.

Insights gained from this study highlight the importance of in situ mineralogical
analysis in planetary exploration and lay the groundwork for future missions aimed at
uncovering the mineralogical and geochemical secrets of Mars and beyond.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/min14080773/s1: Table S1: Abundance of crystalline phases
detected in Gale crater samples with CheMin; Table S2: Unit-cell parameters of feldspar, olivine,
pyroxene, and spinel group mineral phases detected in Gale crater, Mars and analyzed by the CheMin
instrument; Table S3: Unit-cell parameters and estimated Ca compositions of plagioclase observed
in Gale crater samples by the CheMin instrument; Table S4: Unit-cell parameters and estimated Na
compositions and ordering state of alkali feldspar observed in Gale crater samples by the CheMin
instrument; Table S5: Unit-cell parameters and estimated Mg compositions of olivine observed in
Gale crater samples by the CheMin instrument; Table S6: Unit-cell parameters and estimated Mg, Ca,
and Fe compositions of augite observed in Gale crater samples by the CheMin instrument; Table S7:
Unit-cell parameters and estimated Mg, Ca, and Fe compositions of pigeonite observed in Gale crater
samples by the CheMin instrument; Table S8: Unit-cell parameters and estimated Mg, Ca, and Fe
compositions of orthopyroxene observed in Gale crater samples by the CheMin instrument; Table
S9: Unit-cell parameters and estimated chemical compositions, as cation apfu, of cubic spinel oxides
observed in Gale crater samples by the CheMin instrument.
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