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Igneousandsedimentary originsof Jezero
crater units from X-ray crystal mapping
on Mars
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Jezero crater is located inMars’ largest olivine-rich region, which is variously interpreted as lava flows,
intrusive plutons, clastic sediments, or pyroclastics. In Jezero crater, several olivine-rich units have
been investigated by the Perseverance rover, including an olivine cumulate in the crater floor (Séítah
formation) and the enigmatic “Margin Unit”; an olivine- and carbonate-rich unit commonly interpreted
as either a lake shore deposit or a local expression of the regional olivine-carbonate unit. We
developed a method incorporating X-ray diffraction energy and spatial information to accurately
determine the forsterite content (molar percentage of MgO/(MgO+FeOT)) of monocrystalline olivine
encountered by Perseverance. Forsterite content in clastic sediments of the western Jezero fan
indicatemultiple olivine sources. In contrast, forsterite content analysed in theMargin Unit is similar to
the Séítah formation, suggesting that at least some of the Margin Unit may represent an altered
igneous cumulate with similar origins to the Séítah formation.

The southwestern rim of the ~3.96 Ga1 Isidis Planitia impact basin and the
Nili Fossae area hosts one of the most expansive olivine-rich deposits on
Mars2,3 (Fig. S1). This area is also unique for preserving regionally-extensive
magnesium carbonate and large (mm-sized) olivine grains3,4. The olivine
has been attributed to impact-related melting/intrusive volcanism2,5,6, lava
flows3,7, clastic sedimentary8 and/or explosive volcanic processes9,10, with
carbonate addition via hydrothermal alteration or surface weathering of
mafic minerals4,11–14 and possibly with a contribution from direct pre-
cipitation of carbonate in ephemeral lakes15.

Since the Mars 2020 Perseverance rover landed in Jezero crater in
2021, it has traversed, analysed, and sampled olivine in aqueously altered
igneous rocks in the crater floor (Séítah and Máaz formations), in clastic
rocks in the fan cropping out on the western edge of the crater (Tenby
and Otis Peak formations), and in enigmatic rocks outcropping along the
western margin of the crater (the Margin Unit). Elemental chemistry

measurements have been performed by SuperCam via Laser Induced
Breakdown Spectroscopy (LIBS)16,17, as well as by the Planetary Instru-
ment for X-ray Lithochemistry (PIXL); a micro-X-ray fluorescence
(XRF) spectrometer mounted to Perseverance’s robotic arm18. Fluoresced
X-rays detected by PIXL are used to generate quantitative elemental
abundance maps, typically of cm-sized regions exposed by the rover’s
abrasion tool19. X-ray diffraction peaks are also present in PIXL’s XRF
spectra20,21, allowing PIXL to acquire co-located elemental and crystal-
lographic information20,22–26. PIXL data can be co-registered with images
for expanded spatial context, such as the PIXL Micro-Context Camera
(MCC)18, close up images from the Wide Angle Topographic Sensor for
Operations and eNgineering (WATSON), and Autofocus Context Ima-
ger (ACI) cameras mounted to the rover’s robotic arm27. Additional
context is provided by navigation cameras (Navcam) and hazard
avoidance cameras (Hazcam)28.
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Olivine fosterite content (Fo-content, defined here as the molar per-
centage of MgO/(MgO+FeOT)) is a useful indicator of the magnesium to
iron ratio in melts29 and therefore clast provenance30. However, inaccurate
mineral quantifications can occur due to contributions from surrounding
mineral phases (particularly Si, Fe, orMg rich phases) in a process known as
beam mixing26,31, leading to inaccurate Fo-content results. Ideally, mea-
surements should be limited to individual grains to reduce the effects of
beam mixing; however, tool marks left by the abrasion bit obscure grain
extents, making visual identification of grain boundaries unreliable32 and
hindering accurate mineral chemistry. Previously, the effects of beam
mixing on PIXL measurements have been reduced through processes such
as mineral stripping26 and compositional deconvolution into mineral
endmembers31. Thesemethods require significant user input31,making their
general application difficult and subject to user error, limiting their
application.

Here, we extended the diffraction mapping technique developed by
Orenstein et al.23 and combined it with data from theMineral Identification
by SToichiometry (MIST) algorithm33 to identify and investigate elemental
variations across populations of olivine crystalswith reduced contamination

from surrounding minerals. This combination of PIXL elemental and dif-
fraction data allows us to accurately map the Fo-content without con-
tamination from surroundingmaterial in abrasion patches collected during
the first 1153 sols of the mission, revealing distinct olivine populations for
each of Perseverance’s science campaigns.

Perseverance’s traverse
Perseverance performed four science campaigns during the first

1153 sols of the Mars 2020 mission; the crater floor campaign (sols
100–379)34, the fan front campaign (sols 410–709)35, the upper fan cam-
paign (sols 708–910)36–38, and the Margin Unit campaign (beginning sol
910)36,39, with crystalline olivine observed in abrasion patches in all cam-
paigns except for the fan front (Fig. 1). During these campaigns SuperCam
LIBS detected olivine Fo-content between ~50 and ~8040. This spans a
similar Fo-content range from Martian meteorite classes (except for
nakhlites and augite-rich shergottites)40,41, orbital measurements conducted
prior to landing (Fo-content between 60 and 70)2, and results from the
Curiosity rover at Gale crater, where Fo-content between 60 and 72 was
determined forfluvio-lacustrine samples and between 54 and 60 for igneous
samples42.

Fig. 1 | Orbital context image showing the Perseverance rover traverse and
locations of monocrystalline olivine in abrasion targets in Jezero crater, and
elevations and geological units for the studied abrasion patches. aOrbital context
image showing the Perseverance rover traverse and locations of monocrystalline
olivine in abrasion targets in Jezero crater. See Table S4 for image source.
b Elevations and geologic units for the studied abrasion patches. Circles correspond
to the crater floor, diamonds to the fan front, squares to the upper fan, triangles to
float boulders in the upper fan and hexagons to the Margin Unit. Larger coloured

markers correspond to abrasions with olivine identified by MIST in spatially
coherent monocrystalline regions, smaller coloured markers correspond to abra-
sions without MIST identified olivine in spatially coherent monocrystalline regions
(Table 1). A single colour is given to each science campaign analysed in this study.
Smaller white markers correspond to abrasions without any detected stoichiometric
olivine. During the crater floor campaign, the rover traversed the boundary between
the Máaz and Séítah formations.
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During the crater floor campaign, observations of theMáaz formation
(abrasion targets: Guillaumes, Bellegarde, Montpezat and Alfalfa) revealed
interlocking submillimetric to millimetric plagioclase and pyroxene, in
addition to olivine altered to Fe-rich serpentine, interpreted as a lava flow
that underwent aqueous alteration24,43–47. In the Séítah formation (abrasion
targets: Garde, Dourbes and Quartier), coarse-grained pyroxene enclosing
mm-scale olivine grains was interpreted as an igneous cumulate that later
underwent aqueous alteration20,26,43. Olivine Fo-content values between 47
and 73 from PIXL and SuperCam data are consistent with chemical dis-
equilibrium between olivine and the melt, further supporting the cumulate
interpretation20,40,48. Recent investigations suggest that Quartier represents
an evolution of the igneous body (Séítah formation) that was intruded as a
shallow sill between lava flows of the Séítah and Máaz formations rather
than being a member of the Séítah formation49.

The upper fan campaign includes theTenby andOtis Peak formations.
The Tenby formation (abrasion targets: Solva, Solitude Lake) consists of
medium-grained mafic sandstone with possible Fe-Mg carbonate
cements50. The overlying conglomeritic Otis Peak formation (abrasion
targets: Ouzel Falls, Gabletop Mountain, and Thunderbolt Peak) hosts
millimetric clasts of olivine modified by a suite of alteration phases51, and
sandstones with sedimentary structures consistent with fluvial
deposition38,50. Throughout both the fan front and upper fan campaigns,
SuperCam detected a wide spread of olivine compositions (Fo-content:
52–78)40.

A suite of compositionally distinctfloat boulders lies atop theOtis Peak
formation; their origin and transportmechanism(s) to their present location
are not clear. Twoclasses of boulders have beendescribed52: (1)Olivine-rich,
exemplified by the Falcon Lake boulder (abrasion target: Lake Haiyaha),
which contains mm-scale olivine grains in textures reminiscent of an
igneous cumulate53,54; and (2) Pyroxene-rich, exemplified by the Mount
Meeker boulder (abrasion target: Dragon’s Egg), which is notably rich in
aluminous low-Ca-pyroxene55. PIXL results indicate that olivine in the
olivine-rich boulders is far more magnesian (Fo-content between 70 and
80)54 than other targets, while both PIXL and SuperCam results show a
narrower compositional spread thanother targets, consistentwith adistinct,
potentially more primitive source40,53,54.

At Mandu Wall, Perseverance crossed a contact between the Margin
Unit and the western sedimentary fan, which overlies it39. The Amherst
Point abrasion target in the Hans Amundsen Memorial workspace in the
eastern portion of the Margin Unit showed millimetric olivine grains
variably altered to carbonate and rimmed by a low-Fe-Mg silicate, and
intergranular space predominantly filled with Fe/Mg carbonate and
silica56–58. Perseverance investigated an additional olivine-bearing abrasion
target (Bill’s Bay) of broadly similar texture and composition, beforemoving
from the Eastern to Western Margin Unit. Two abrasions were created in
the Western Margin Unit: Castle Geyser and Old Faithful Geyser. Super-
Cam results from the Margin Unit show a similar Fo-content range to the
Séitah formation and to results from the fan front and upper fan
campaigns40.

Results and discussion
Monocrystalline olivine chemistry
The MIST algorithm33 can be used to accurately measure and map the Fo-
content of olivine in PIXL scans (Fig. 2a)59. Beam mixing26,31, however, can
result in contaminated Fo-content calculations. To reduce this effect, we
used PIXL diffraction data (Fig. 2b) and extended the diffraction mapping
technique developed by Orenstein et al.23 to create constrained spatially
coherent monocrystalline regions (Fig. 2c) that isolate individual crystals.
Combining these monocrystalline regions with data from the MIST algo-
rithm ensures that only olivine detected within these discrete mineral
crystals is included in the analysis. This results in spatially mapped Fo-
content fromwithin individual mineral grains with reduced contamination
from surrounding minerals (Fig. 2d). Comparison with context images
(Fig. 2e, f) highlights the difficulty in identifying individual grains from
images alone. Individual beam locations in the monocrystalline olivine

maps (Fig. 2d) arise from one of two scenarios: (i) where olivine was
identified in a single beam locationwithin a largermonocrystalline regionor
(ii) where only one beam location remains after the monocrystalline region
was spatially constrained. Using this method, monocrystalline olivine was
identified in the crater floor, upper fan, and Margin Unit campaigns. No
monocrystalline olivine was detected in the Máaz formation of the crater
floor60 or in the Shenandoah formation of the fan front (see Supplementary
Notes). Table 1 andTable S1 show summary statistics for olivine detections.

Monocrystalline olivine was plotted on a sina plot61,62, which shows the
distribution of data by plotting individual data points with a width pro-
portional to the density of points. Inspection of the sina plot of mono-
crystalline olivine regions reveals several distinct chemical populations
encountered across the entire traverse (Fig. 3).Dourbes andQuartier (crater
floor34; Fig. S3, S4), together with Lake Haiyaha (representing a boulder in
float in the upper fan54; Fig. S8), all have a narrow distribution of Fo-content
(low standard deviations), with Quartier the most fayalitic and Lake
Haiyaha the most forsteritic population investigated here. The upper fan
abrasion targets represent the greatest Fo-content distributions, with the
Hartigan’s dip test of unimodality63 revealing evidence of multiple Fo
populations in Gabletop Mountain and Thunderbolt Peak with modal
centres at Fo-content of 52.3, 57.6, and 65.7/64.8 (Figs. 3 and S2, S9, S10,
Tables S2, S3) representing distinct clusters of adjacent beam locations with
similar Fo-content.Qualitatively, three distinct groupings canalsobe seen in
Solva’s Fo-content distribution, which similarly correspond to different
clasts in themapped area (Fig. S4). In theMarginUnit, Amherst Point, Bill’s
Bay, Castle Geyser, and Old Faithful Geyser have similar Fo-content dis-
tributions. A lithological distinction between the eastern and western
regions of the Margin Unit64–66 is not supported from SuperCam elemental
and textural analyses67 or by similar Fo-content values reported here (east
mean = 51.2, SD = 3.1; west mean = 54.4, SD = 3.6), however a slight trend
towards higher Fo-content is observed from east towest, possibly indicating
a different alterationhistory related to increasing elevation fromeast towest.

Comparison to SuperCam LIBS
PIXL and SuperCam have detected olivine throughout Perseverance’s tra-
verse (see section “Perseverance’s traverse”). Fo-content analysis from the
two instruments often results in some discrepancies48. SuperCam over-
estimates Fo-content by ~3 for the olivine standard in their calibration suite
due to underestimation of FeOT and overestimation of SiO2, causing some
olivine to be incorrectly classified48. PIXL has quantification uncertainties
for the olivine containing oxides (FeOT,MgO, SiO2) of up to 5%, leading to
similar Fo-content uncertainties68. For example, SuperCam analyses give a
Fo-content for Séítah olivine between 58 and 6348, whereas, previous PIXL
results of individual olivine grains reported a Fo-content of 55±120.

Analysis of the spatially resolvedolivinedata (Fig. 2, S3-S14) shows that
olivine is not typically found in large areas but found in relatively small
grains under 1mm in length. The relatively small beam size of PIXL
combined with contiguous mapping, allows us to isolate these individual
grains using the combination of elemental and structural information and
then to discard the edges of the grains, reducing the influence from the
surrounding material. This type of analysis is not possible without con-
tiguous mapping capabilities. SuperCam LIBS analyses are not contiguous,
and therefore, individual grains cannot be isolated for analysis. Further-
more, the SuperCam beam is approximately twice the size of the PIXL
beam16,18, increasing the likelihood of contamination from the surrounding
material. In the case of the LakeHaiyaha abrasion target (Fig. S8), bothPIXL
and SuperCam provide similar Fo-content values on a relatively large
continuous olivine grain40,53,54. Therefore, we interpret that discrepancies in
Fo-content between PIXL and SuperCam are largely due to beam mixing
effects and different analysis regions (e.g., Fig. S3, S8), with quantification
uncertainties playing a minor role.

Primary igneous versus sedimentary clastic olivine
The Dourbes and Quartier abrasion targets on the crater floor yield tightly
distributed Fo-content populations (SD = 1.3, 1.4), consistent with in-place
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igneous cumulates that cooled from a single melt20,49,69. Similarly, we
observed a very tight Fo-content distribution (SD = 1.3) in the Falcon Lake
boulder (Lake Haiyaha abrasion target) with most olivine contained within
large crystals (Fig. S8)59.

In contrast to the tight Fo-content distributions of the olivine cumu-
lates, the abrasion targets of the clastic upper fan likely represent multiple
chemically distinct olivine sources. As determined from the Gaussian
mixingmodel (supplementarymaterial), themost forsteritic populations for
these two upper fan abrasion targets have modal Fo-content values of 65.7
and 64.8, respectively (Table S2). This is significantly higher than the Fo-
content of the crater floor, suggesting a different source, possibly the for-
steritic olivine-andcarbonate-richwesternwatershed2,4,12,70which fed Jezero
crater via Neretva Vallis. As Perseverance traverses out of Jezero crater, it
may encounter the sources of high Fo-content olivine for the clastic rocks
and float boulders examined in the upper fan.

Compared to the upper fan, the relatively narrow spread of Fo-content
in theMarginUnit olivine indicates less chemical diversity, indicating that if
theMargin Unit is sedimentary, it was sourced from differentmaterial than
the upper fan. The unimodal distribution of Margin Unit Fo-content
populations (Table S2; mean = 52.19, SD = 3.57) closely resembles the
Dourbes igneous cumulate (mean = 53.46, SD = 1.29), suggesting similar
igneous origins, possibly from a sharedmagmatic event. The greater spread
of Margin Unit Fo-content compared to Dourbes could be explained by (i)
zonation effects, (ii) an increased contribution of fluorescence from addi-
tional phases26,31, (iii) post emplacement alteration, and/or (iv) primary
chemical heterogeneity in a melt.

Zonationofolivine crystals can increase Fo-content spreads. Inolivine-
phyric shergottites, Fe-Mg zonation is mostly seen as 100–200micron thin,
Fe-rich rims aroundmm-sized,moreMg-richhomogenous cores (e.g.,71,72.).
We found no clear evidence for zonation in the monocrystalline olivine

Fig. 2 | Combining MIST stoichiometic olivine and spatially coherent mono-
crystalline mapping to remove beam mixing effects and increase the Fo-content
accuracy. aPIXL beam locations for a PIXL scan on the Solva abrasion patch (Figs. 1,
4c and S5) with compositions of stoichiometric olivine, as identified with the MIST
algorithm33,59. Arrows point to a large olivine grain discernable in context imagery.
b The number of diffraction peaks detected at each beam location. c Spatially

coherent monocrystalline regions (black) and their spatially constrained interior
regions (blue). d Compositions of monocrystalline stoichiometric olivine in the
spatially constrained monocrystalline regions, as calculated with the MIST algo-
rithm. e PIXL scan outline overlaid on a colourized ACI image82 of the abrasion
patch. Colourization image processing credit: NASA/JPL-Caltech/MSSS/S. Sharma.
f PIXL MCC Green (530 nm)/IR (735 nm) image83.
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Fig. 3 | The forsterite content (Fo-content) for MIST olivine beam locations contained within spatially constrained coherent monocrystalline regions by abrasion
target. # Indicates abrasions created on a boulder, and × corresponds to abrasion targets where a core sample was collected for Mars Sample Return.

Table 1 |Olivinedistributionswithin spatially constrainedcoherentmonocrystalline regionsandallMIST identifiedolivine for the
abrasion targets with MIST identified olivine up to mission sol 1153

Campaign
(formation/
unit)

Abrasion target (total
no. of beam locations)

Spatially coherent olivine MIST identified olivine

Range olivine
Fo-content (%)

Mean (SD) olivine
Fo-content (%)

No. beam locations (%of
all beam locations)

Range olivine
Fo-content (%)

Mean (SD) olivine
Fo-content (%)

No. beam
locations

Crater floor
(Séítah)

Dourbes (5670) 43.56−58.06 53.46(1.29) 1435 (25.3%) 43.56−58.06 53.41(1.37) 1621

Crater floor
(Séítah)

Quartier (6582) 37.75−48.07 45.48(1.32) 157 (2.4%) 36.75−48.07 44.79(2.29) 251

Crater
floor (Máaz)

Montpezata (2337) - - 0 (−) 15.69−20.96 19.02(2.90) 3

Upper
fan (Tenby)

Solva (5670) 44.02−71.68 55.35(6.58) 149 (2.6%) 42.19−71.68 52.41(6.25) 349

Upper
fan (Tenby)

Solitude Lake (2337) 58.91−62.63 61.01(1.12) 9 (0.5%) 45.03−62.63 52.73(3.96) 75

Upper fan
(Otis Peak)

Ouzel Falls (5670) 49.49−68.96 60.09(5.62) 22 (0.4%) 32.34−68.96 60.14(6.71) 81

Upper fan (N/A) Lake Haiyahab (5188) 66.44−78.86 74.47(1.30) 1932 (37.3%) 54.55−78.86 74.33(1.53) 2259

Upper fan
(Otis Peak)

GabletopMountain (5188) 51.07−68.74 59.92(6.68) 19 (0.4%) 41.43−68.74 52.70(6.11) 108

Upper fan
(Otis Peak)

Thunderbolt Peak (2581) 49.60−65.77 57.77(5.07) 33 (1.3%) 35.47−68.15 55.29(6.37) 92

Margin
(Margin)

Amherst Point (4674) 42.57−56.92 50.76(2.48) 257 (5.5%) 31.74−58.07 49.66(3.29) 533

Margin
(Margin)

Bill’s Bay (4674) 41.33−58.99 53.70(4.53) 50 (1.1%) 26.40−64.20 50.60(6.35) 160

Margin
(Margin)

Castle Geyser (6666) 45.06−57.22 52.56(2.68) 71 (1.1%) 43.73−60.94 51.68(3.05) 372

Margin
(Margin)

Old Faithful Geyser (2581) 47.61−60.53 56.36(3.52) 64 (2.5%) 44.23−62.48 54.59(3.59) 196

aIndicates no olivine in spatially constrained coherent monocrystalline regions identified in the abrasion.
bDenotes the abrasion was on a boulder.
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regions studied (Figs. S3–S14) and by analogy with shergottite ‘megacrysts’,
the signals analysed by PIXL would be dominated by core regions. Due to
the strict MIST requirements for olivine identification33 and because the
edges of the monocrystalline regions were constrained to reduce the
fluorescence contribution from additional phases (Fig. 2), we conclude that
beammixing effects are unlikely to be the cause of the increased Fo-content
diversity in the Margin Unit.

Preferential dissolution of low Fo-content olivine, predicted by mod-
elling performed under Martian surface conditions73, can result in a shift
towards higher overall Fo-content with less low Fo-content olivine, seen
most clearly in the long tails towards low Fo-content in Bill’s Bay and Old
Faithful Geyser (Fig. 3). Further alteration of high Fo-content olivine results
in silica-rich phases and clay phases74, which would no longer meet the
requirements forMIST identification33. Therefore, we suggest that olivine in
theMarginUnit likely originates from a single igneous source, similar to the
Dourbes abrasion target on the crater floor, but which has experienced a
greater degree of aqueous alteration. These observations, in combination
with the results from theHartigan’s dip test of unimodality, suggest that the
variation in Fo-content in the upper fan is more likely to represent multiple
sources of olivine rather than an aqueously altered olivine from a single
source.

Using our novel technique combining spatial and chemical informa-
tion, we are able to identify distinct chemical populations of olivinewith less
uncertainty than chemical data alone, allowing for inferences to be made
concerningorigin and emplacement.Wefind that in the igneous craterfloor

and in the sedimentary upper fan, Fo-content variations are consistent with
the differing emplacement mechanisms proposed for these units. The
results presentedhere indicate that the analysedportions of theMarginUnit
likely represent an altered igneous cumulate rather than being sedimentary.

Methods
Creating spatially coherent monocrystalline regions
Diffraction peaks identified in PIXL spectra using a t-test across the count
values in each of PIXL’s two detectors, for every energy, result in a list of
diffraction peaks at energies that can be visualised on an abrasion patch as
beam locations containing diffraction75 (Fig. 2b). The diffraction is parti-
tioned into monocrystalline regions using the energy-dispersive Bragg
equation and PIXL’s beam geometry23.

Monocrystalline regions are grouped in energy but do not incorporate
spatial information23. Therefore, to interrogate spatially coherent single
crystals, spatial information needs to be incorporated, which we implement
in the following steps. Firstly, for each beam location, the distance to its eight
nearest neighbours is calculated. For a perfect grid, this encompasses the
closest beam locations in the orthogonal and diagonal directions. To filter
out spatially incoherent beam locations (i.e., diffraction that is isolated to
one beam location), we remove all beam locations that are not adjacent to at
least two out of the nearest eight neighbours. The smallest monocrystalline
region is therefore three beam locations. If the energy dependent beam size76

ismore than1.5 times the averagemap spacing, then theminimumsize for a
monocrystalline region is increased to four. All beam locations contained

Fig. 4 | WATSON images of abrasion patches with PIXL scan footprints in
dashed white areas for the scans included in this study. a = Dourbes, b =Quartier,
c = Solva, d = Solitude Lake, e = Ouzel Falls, f = Lake Haiyaha, g = Gabletop
Mountain, h = Thunderbolt Peak, i = Amherst Point, j = Bill’s Bay, k = Castle

Geyser, l = Old Faithful Geyser. Scalebar in each panel is approximately 5 mm.
Coloured markers in the upper right of each panel correspond to the campaign
location in Fig. 1. See Table S4 for image sources.
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within overlapping spatially coherent monocrystalline regions were then
flattened through energy space. To reduce beam mixing effects26,31 semi-
isolated beam locations at the edges of each coherentmonocrystalline region
where a beam location did not have three of the four nearest neighbours
(Fig. 2c, black), contained within the spatially coherent monocrystalline
region, were removed, leaving the spatially constrained interiors (Fig. 2c,
blue). Three of the four nearest neighbours were selected, as any less than
three increases the likelihood of regions outside of the monocrystalline
region being included in the analysis.

Stoichiometric filtering for olivine
The Mineral Identification by SToichiometry (MIST) algorithm is a rules-
based classification model used to identify mineral endmembers in high-
resolution geochemical data33.MIST can identifymineralswhere the surface
exposure is larger than PIXL’s energy dependent X-ray spot size of ~120 µm
(measured at ~8 keV18,76) and is ideally implemented on data representing
single mineral phases59, such as the monocrystalline regions reported here.
TheMIST algorithm is able to detect olivine with high confidence across all
data considered here59.

Beam locations were obtained from PIXLISE75 (an open source soft-
ware tool for visualising PIXL data) for areas identified by MIST as stoi-
chiometric olivine endmembers, forsterite or fayalite.MISTuses normalised
elemental data, so prior to inputting PIXL data into MIST, locations with
oxide totals of less than 85%were excluded from the analysis, as these beam
locations may contain significant amounts of non-quantified elements
present below PIXL’s detectable limit26. Instrument effects can also cause
overestimation of elemental abundances68,77, and so beam locations with
oxide totals of greater than 105% were also removed from the analysis. Of
the totalMIST stoichiometric olivine, 4.3%has quantified totals outside this
range. Of the MIST stoichiometric olivine within spatially coherent
monocrystalline regions, 1.1% of beam locations had quantified totals
outside of this range, consisting of 0.1% of crater floor beam locations, 3.3%
of upper fan beam locations, 5.9% ofMarginUnit beam locations, and 0.5%
in the LakeHaiyaha boulder. Remaining spatially coherentmonocrystalline
regions containing MIST olivine were then selected for analysis (Fig. 2d).

MIST was given oxide abundances corrected for the effects of dif-
fraction and surface roughness using PIXLISE v4 expressions24, before the
abundances were normalised and the olivine forsterite content was calcu-
lated. TheMIST results here have also had any SO3 andCl determined to be
allochthonous to the rock (i.e., from dust)78–80 removed before
normalisation59. We display the Fo-content per abrasion patch as a sina
plot61,62 in Fig. 3, allowing for a visual representation of the olivine dis-
tribution and density for each target.

Image registration
MCC, ACI, WATSON, and RMI images were aligned with an affine
transform in a multi-stage control point image registration routine imple-
mented in MATLAB81. In the first stage, three or more large features were
selected to obtain the approximate relative orientation of the images. Sub-
sequent stages focused on smaller features, with an increasing number of
control points. At least five control points were used in the final stage.

Data availability
Data available at the NASA Planetary Data System https://pds.nasa.gov/.

Code availability
Code used in this manuscript is available at https://github.com/bjorens/
PIXL_spatially_coherent_monocrystalline_regions/.
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