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Perseverance’s Mastcam-Z instrument provides high-resolution stereo and multispectral images with a unique
combination of spatial resolution, spatial coverage, and wavelength coverage along the rover’s traverse in Jezero
crater, Mars. Images reveal rocks consistent with an igneous (including volcanic and/or volcaniclastic) and/or
impactite origin and limited aqueous alteration, including polygonally fractured rocks with weathered coatings;
massive boulder-forming bedrock consisting of mafic silicates, ferric oxides, and/or iron-bearing alteration minerals;
and coarsely layered outcrops dominated by olivine. Pyroxene dominates the iron-bearing mineralogy in the fine-
grained regolith, while olivine dominates the coarse-grained regolith. Solar and atmospheric imaging observa-
tions show significant intra- and intersol variations in dust optical depth and water ice clouds, as well as unique
examples of boundary layer vortex action from both natural (dust devil) and Ingenuity helicopter-induced dust
lifting. High-resolution stereo imaging also provides geologic context for rover operations, other instrument
observations, and sample selection, characterization, and confirmation.

INTRODUCTION

The NASA Mars 2020 Perseverance rover landed in Jezero crater
(18.4446°N, 77.4509°E) on 18 February 2021. Jezero is a ~45-km-
diameter impact crater of mid- to late-Noachian age (~3.7 to
4.1 billion years) located on the northwest rim of the ~1200-km-
diameter Isidis impact basin (Fig. 1). A major goal of the mission is
to characterize the geology of Jezero crater and its neighboring
areas, to improve our understanding of Martian crustal processes and
past climates, and to search for evidence of possible ancient Martian
life. To address these questions, Perseverance will collect up to
38 rock and regolith samples to be returned for analysis in Earth
laboratories as part of the NASA/European Space Agency (ESA)
Mars Sample Return campaign. For these samples to have scientific
value, contextual documentation of local and regional sedimentary
and igneous textures and geologic structures that reveal petrogenesis
is essential for elucidation of their origin and evolution. Observations
by the rover’s Mast Camera Zoom (Mastcam-Z) instrument (I),
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which provide a unique combination of spatial resolution, spatial
coverage, and wavelength coverage from the rover, are central to
characterizing and documenting the geology of Perseverance’s field
site, and to placing the geochemical and mineralogic data collected
by other instruments in context.

This paper reports Mastcam-Z geologic observations conducted
during the first Earth year of operations (up to ~sol 355), devoted
primarily to investigating crater floor rocks near the Octavia E. Butler
(OEB) landing site. Before landing, multiple hypotheses were developed
for the origin of these rocks, including formation by both sedimen-
tary and igneous processes [e.g., (2-8)]. This paper emphasizes
crater floor rock morphologies and stratigraphy, including textures
and multispectral properties. Initial remote sensing and in situ data
from Perseverance’s integrated instrument suite indicate an igneous
origin for the crater floor rocks (9). This paper presents properties
of these materials observed by Mastcam-Z to provide necessary
context of the large-scale geometry of the floor units and to provide
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the macroscale geologic and mineralogic evidence to support an
igneous interpretation. In addition, the results reported here enhance
and augment the initial fluvio-deltaic discoveries about Jezero’s west-
ern fan deposits (10) by substantially extending the high-resolution
imaging coverage of the stratification exposed in the fan’s distal
scarp. Furthermore, these observations enable the characterization
of the regolith and the current atmospheric environment, impor-
tant both for local and regional scientific context and for planning
of future human missions.

Mastcam-Z is a novel pair of variable focal length multispectral
charge-coupled device (CCD) cameras used by the Perseverance
rover team to document the color, size, shape, texture, and spectral
properties of rocks and soils, and the properties and behavior of
dust and ice aerosols in the boundary layer and the sky above the
crater (see Materials and Methods for more details on the cameras
and calibration and processing of their imaging data). These cameras
provide a unique combination of wavelength range, high spatial
resolution, and variable field of view for extensive landscape coverage,
compared to other rover instruments. Their matched focal length
ranges, plus the unprecedented downlink data volume from the
mission so far that has been enabled by substantial NASA and ESA
investments in Mars orbiter communications relay infrastructure,
have also allowed almost all Mastcam-Z images to be collected in
stereo, enabling detailed three-dimensional (3D) interpretations of
outcrop topology at the fine (millimeter to centimeter to decimeter)
scales required for precise stratigraphic mapping in the near field
and at greater observation distances than other imaging systems on
the rover. The resulting derived shapes, topographic relationships,
and digital terrain models (DTMs) substantially enhance understanding
of the stratigraphic relationships and overall geologic context of the
surface materials encountered.

The wavelength coverage of Mastcam-Z multispectral observa-
tions (442 to 1022 nm) spans key diagnostic spectral regions not
possible to observe with other rover instruments. Specifically,
observations and results reported here derived from 465- to 540-nm
and 850- to 1022-nm reflectance measurements provide more ef-
fective remote sensing constraints on relevant ferric and ferrous min-
eralogies than possible with other instruments. This unique wavelength
coverage enables the detection and spatial mapping of important dif-
ferences in primary mafic mineralogy (e.g., olivine and pyroxene) as
well as of secondary minerals associated with widespread alteration
(e.g., hematite and other ferric oxyhydroxides).

Multispectral and stereoscopic images, together with derived
data products and visualizations, allow the rover team to observe
and characterize the crater and its geologic and meteorologic context
from three different spatial perspectives. First, rover-scale observations

at close range provide details of morphologic, topographic, struc-
tural, stratigraphic, textural, multispectral, and photometric de-
tails of rocks, outcrops, and regolith at the OEB landing site, and
along the rover’s ~2.9-km traverse within the outcrop areas of the
Madaz and Séitah formations. The provisional names of formations,
members, and sampling sites along the rover’s traverse in Jezero
crater are from (9) and were thematically based on the names of the
traversed quadrangles mapped before landing: Canyon de Chelly and
Verdon (4). These broken-up, boulder-dominated, and variably regolith-
covered terrains correspond to the dark unit with lobate margins that
has been previously mapped from orbit as the “crater floor-fractured
rough (Cf-fr)” unit (2) and are now collectively known in situ as the
“Maaz formation” (9). In addition, what is now referred to as the
“Seitah formation” was mapped from orbit as the “crater floor frac-
tured 1” unit (2). These observations play an important role in the
identification of a variety of geologically diagnostic rock types, land-
forms, and surface compositions, as well as in sample site selection,
with Mastcam-Z images used in sample extraction, caching verifi-
cation, and sample documentation activities.

Second, distant observations, from a few kilometers out to the
crater rim and beyond at 10- to 40-km distances (Fig. 1), show
details of Jezero’s western delta, its erosional remnants, and other
hills, buttes, fan deposits, impact craters, and the looming crater rim
itself, providing context for the materials and units that the rover is
exploring directly, including the rock and regolith samples being
collected for eventual return to Earth.

Third, surface-atmosphere interactions, current meteorological
conditions, and dynamic processes and events are assessed with a
rich dataset acquired at an unprecedented cadence of intra- and
intersol solar and atmospheric imaging observations, including
images and videos of the horizon, Sun, sky, and Martian satellites.
The Mastcam-Z atmospheric observations and results reported here
provide the highest temporal resolution image-based monitoring of
the Martian environment to date. This includes the only estimates
of atmospheric opacity in both the visible and short-wave near
infrared (IR), important for constraining dust physical and radiative
properties; the first reported observations and interpretations of ice
clouds in Jezero crater; and the first reporting of interesting and
important surface-atmosphere boundary layer effects caused by the
Ingenuity helicopter (used to uniquely probe the mechanics and
dynamics of dust lifting and transport).

In addition, Mastcam-Z data products described here also pro-
vided operational support and scientific context for rover naviga-
tion, observations using the rover arm, sample selection and core
characterization, and observations by other rover instruments/systems.
An example of the latter is videos of Ingenuity helicopter activities.
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Fig. 1. Jezero crater context and traverse region. Overview map of the Mars 2020 Perseverance landing site and its regional context. North is up, and illumination is
from the left. (A) Context map showing Jezero crater, the inlet/outlet channels (outlined in black), and the edifice Jezero Mons in the southeast. (B) Close-up of the western
delta with its associated features as mentioned in the text. (C) Detail view of the rover landing and traverse site, through mission sol 327 (20 January 2022). White circles
represent the sol-by-sol locations of the rover starting from the OEB landing site, and yellow circles represent the different site locations defined so far in the mission. Base
images: MRO/HIRISE, MRO/CTX, MEx/HRSC.
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Fig. 2. Example 360° mosaics. Mastcam-Z enhanced color RGB 360° panorama from the Perseverance rover. (A) OEB landing site, 34-mm focal length, sol 3. (B) Van Zyl
Overlook, 110-mm focal length, sols 53 to 64. (C) Village outcrop, within Séitah, 110-mm focal length, sols 214 to 215. Cylindrical projection views with local azimuth
cardinal points indicated and extending from —60° local elevation angle out to the horizon.
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RESULTS

Rover-scale physiography of Jezero crater

Observations by Mastcam-Z have characterized the geology of the
landing site, observing a range of rock morphologies and composi-
tions along the rover path and in more distant areas. Initial panoramic
views of the OEB landing site (Fig. 2) show a generally low-relief
plain that extends ~100 m around the rover in all directions. This
local plain consists of regolith interspersed with rocks exhibiting
light-toned, low-relief, skyward-facing surfaces that express them-
selves with a fitted fabric, similar to paver stones. These rocks
(Figs. 2 and 3 and fig. S1) commonly exhibit polygonal fracture
patterns, indicating that the fracturing occurred in place; thus, the
exposed rocks and associated underlying bedrock are also likely in
place. Rock surfaces with higher relief (typically <30 cm; see Mate-
rials and Methods for details on topography and DTM generation
from stereo imaging) commonly exhibit darker tones and are
scattered on the local plain around the landing site. Scouring from
the Mars 2020 sky crane landing system’s terminal descent engines
at two areas adjacent to the rover’s touchdown point exposed darker-
toned rock surfaces that had been at least partly covered by regolith.
Removal of the brighter material from these rocks by exhaust
impingement and the exposure of more pitted surfaces compared
to nearby pavers that were not impinged implies that the bright
covering or coating material was not strongly adhered to these
darker rock surfaces and is instead a loose mantle deposited onto
rather than derived from weathering of these rocks. In contrast,
bright surfaces on some pavers (e.g., the rock named Maaz)
withstood the brunt of the descent plumes (see, for example, the EDL
video publicly released by NASA at https://mars.nasa.gov/mars2020/
multimedia/videos/?v=461, specifically the surface imaging starting
around time stamp 2 min and 40 s). That, plus the darker interiors of
abrasion patches like Guillaumes on Mdaaz-class rocks (e.g., fig. S3),
suggests that this bright material is strongly adhered to the rock sur-
face and thus could be an alteration rind or coating.

At ranges >100 m from the OEB landing site, clusters of darker-
toned boulders and rubble-forming low hummocks or short ridges
rise 1 to 3 m above the plain. Higher spatial resolution near-field
views reveal dark-toned and fractured or jointed rock outcrops and
boulders exhibiting variably massive (structureless at centimeter
scales), pitted, wind-abraded textures but no substantial evidence of
pronounced stratification (Figs. 3 and 4). Erosion of some rock
outcrops is occurring in place, forming ridge crests that are smooth
(at centimeter scales) and rounded boulders that have not been
transported from their sites of formation. Other boulders are more
angular, isolated, and high standing in the terrain (perhaps distant
impact ejecta “float” and/or ventifacts; e.g., Figs. 3 and 4), and still
others are subrounded to rounded and high standing (typically
~30 to 50 cm) but connected to underlying, lighter-toned pavers
(Fig. 3A). Textural, multispectral, and elemental (11) measure-
ments support the hypothesis that the pavers and their overlying high-
standing rocks are compositionally similar. Aeolian bedforms several
meters long, many with flat topped crests up to 20 cm high, are sparsely
distributed near the landing site (Fig. 4), and some of the regolith
between and among the ridges and boulders consist of aeolian
ripples, some of which partially bury or embay rocks and pavers.

More distant features include the southeast-facing scarp of the
Jezero western delta (Fig. 5), which rises ~70 to 90 m above the
elevation of the landing site and extends along its length from
~2.0 to 6.0 km from OEB. Prominent buttes of similar height
named Pilot Pinnacle (~2.0 km southwest) and Kodiak (~2.3 km
west) and another prominent ~50-m high butte called Santa Cruz
(~2.6 km east) have been interpreted to be remnants of the eroded
Jezero fluvio-deltaic-lacustrine sedimentary system [e.g., (2-5, 10)].
Other more distal hills and buttes are identified in high-resolution
images, extending many tens of kilometers southwest across the floor
of Jezero; some, especially cone-like features inside the southwest
rim of the crater (fig. S2F), could potentially be of volcanic origin
based on their morphology and chain-like alignment [e.g., (12, 13)].

Fig. 3. Examples of typical Maaz formation rocks. (A) Naat'aanii pavers and associated higher-standing Ch'at member rocks. Sol 22, sequence zcam07000. (B) Ch'at
member rocks. Sol 63, zcam08108. (C) Field of typical Ch'at member boulders, looking northeast toward Santa Cruz hill. Sol 68, zcam8028. (D) Roubion member pavers

and Ch'at member rocks. Sol 135, zcam08139.

Bell et al., Sci. Adv. 8, eabo4856 (2022) 23 November 2022

40f18

€202 ‘0T JequanoN Uo JeiusD adeds uosuyor SN e 610°s0us 105" mmm//:sdny Wwod) pepeojumod


https://mars.nasa.gov/mars2020/multimedia/videos/?v=461
https://mars.nasa.gov/mars2020/multimedia/videos/?v=461

SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 4. Examples of aeolian regolith deposits and wind-carved rock surfaces in Jezero crater. (A) from sol 113, zcam08084 and (B) from sol 123, zcam08119 show
examples of 15- (A) and 5-m-long (B) and 15- to 20-cm-tall Maaz terrain aeolian bedforms with flat-topped 2.3-m (A) and 1.3-m (B) wide crests. (C) Example of typical dark-toned
aeolian sands that have moved over Méaaz formation rocks (sol 135, zcam08139). (D to G) Examples of Maaz formation rocks with wind abrasion textures, interpreted as
ventifacts: (D) Unnamed target from the landing site, sol 3, aut_04096. (E) Example 16-cm-tall rock from Van Zyl Overlook, sol 54, zcam08101. (F) The 60-cm-long rock
Rochette from sol 181, zcam08199. (G) Example of wind-abraded flute orientations measured (yellow lines) using Mastcam-Z stereo observations of an unnamed 13-cm-wide
rock on sol 180, zcam08194 (see also Materials and Methods).
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Fig. 5. Morphology of the Jezero western delta scarp and remnants. (A) Mastcam-Z enhanced color panorama looking toward the scarp at the easternmost extent of
the Neretva Vallis fan delta. View is from the west (left) to the north (right), from a location near site position 8 within Séitah. In the foreground, layered rocks of Séitah and
ripple-dominated landscape are visible. In the distance, the hummocky, terraced crater rim is exposed, with smaller craters and exposures of light-toned beds. The highest part
of the rim is ~9.6 km distant and ~800 m higher in elevation above the crater floor viewpoint. Sol 275, zcam08292. (B) Kodiak butte, a putative delta remnant (70), showing
subhorizontal and inclined beds (sol 63, zcam08022). The butte is ~2.4 km distant; the top of the plateau is ~130 m wide and rises ~77 m above the crater floor, and the
sedimentary rock packages exposed here are ~10 m thick. (C) Zoomed-in view of the center of (A) showing the delta blocky and delta truncated curvilinear layered units
in the “Hawksbill gap” region. The part of the delta scarp exposed here is ~2.3 km distant. In the foreground, Séitah formation rocks are visible in the ripple-dominated
landscape.
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The rims and/or ejecta blocks from several large impact craters on
the floor of Jezero can also be identified in high spatial resolution
images, including 70-m-diameter Adziilii crater (190 m to the south
of OEB; fig. S2A), 325-m-diameter La Orotava crater (930 m to
the northeast), and 1.8-km-diameter Hartwell crater (15 km to the
northeast).

The viewshed of the most distant visible features from the land-
ing site provides context for the observations along the traverse route.
The concave-sloped inner walls of the rim of Jezero crater at 10- to
40-km distance rise from 800 to 1200 m above the crater floor and
exhibit light-toned layers, terraces, smaller craters, and evidence for
downslope motion of dust and/or debris at meters to tens of meters
scale. Also visible are the mouth and fan delta scarps of Sava Vallis
(fig. S2, B and E), the northern channel interpreted to have trans-
ported fluid and sediment into Jezero crater 7.5 to 8 km away, the
mouth of Neretva Vallis (fig. S2C) that intersects Jezero crater from
the west ~10 km westward, and the overflow channel Pliva Vallis
(fig. S2D) that is incised into the eastern rim ~36 km away from the
landing site [e.g., (2-5)]. One of the most distant visible features are
the upper slopes of a large conical mountain (Jezero Mons) outside
of Jezero crater 47 km to the east-southeast of OEB and rising ~2 km
above the crater rim (fig. S2G). Its morphology in orbital (5, 8) and
Mastcam-Z distant surface imaging is consistent with it potentially
being a volcanic edifice. Alternately, it could be an erosional rem-
nant of the slumped once-higher crater wall [e.g., (5, 13)], with an
irregularly shaped summit depression formed by an impact.

A variety of diagnostic rock outcrop morphologies were charac-
terized as the rover traversed along the western edge of the landing
site plains (Mdaz formation). This route was chosen to allow the rover
to enter the neighboring Séitah region, which potentially contains
the oldest rocks on the crater floor [e.g., (2)]. The diversion around
the southern tip of Séitah was required because its margin is partly

defined by large, mostly nontraversable aeolian bedforms (Figs. 1C, 2C,
and 5C). Perseverance was able to enter Séitah ~1 km southwest of
the landing site. As described below and elsewhere (9, 11), Mdaz and
Séitah are composed of markedly different rock types, in terms of
both their geologic expression and geochemical/mineralogic character.

Geologic observations and results
Crater floor rock and outcrop morphologies, textures,
and multispectral properties
Mastcam-Z observations of bedrock exposed on the crater floor are
critical to defining the macroscale textures, structure, and stratigra-
phy of the crater floor rocks. On the basis of these observations, the
strata have been assigned to the Mdaz and Séitah formations (9). The
pyroxene-bearing Mdaz formation has been subdivided into five
members (Ch'al, Naat'danii, Rochette, Artuby, and Roubion), and the
variably olivine-bearing Séitah formation includes two members en-
countered to date (Bastide and Content). Table 1 provides an over-
view of the names and other characteristics of the Jezero crater floor
formations, members, outcrops, and sampling sites described here.
Maaz formation observations. Near the landing site, the Maaz for-
mation is dominated by two rock morphologies: angular to rounded
and apparently unlayered boulder-forming bedrock of the Ch'al em-
ber, and flat, polygonal bedrock pavers of the Naat'aanii member.
These rocks overlie the stratified rocks of the Rochette and Artuby
members of the Mdaz formation (9), which are best exposed along
the Artuby ridge and characterized by distinct layering (Fig. 6), and
the flat-lying Roubion member pavers. The Artuby member is de-
fined by repeating layers that alternate in their degree of friability
and thickness. Recessive, thin (2 to 10 cm thick) strata repeat in the
lower parts of outcrops along the Artuby ridge. The Rochette mem-
ber, exposed at the top of the Artuby ridge, comprises massive cap
rocks along Artuby ridge, which often show partings or horizontal

Table 1. Relative stratigraphy [based on (9)] of investigated crater floor rocks with formation and member names alongside workspace, abrasion

patches, and sample names. Px, pyroxene; Plag, plagioclase; Ol, olivine.

Formation Member LI S BlTeHE (810 sam Pl ey e q L7 o Relevant figures
or outcrop patch acquired characteristics mineralogy
Ch'at Sid Alfalfa Hah;\)tr;?hand Massive Px + Plag Figures 3 (A to D) and 8B
Naat'aanii OEﬁ;Ttr;glsng, Not abraded Not sampled Flat-lying Px + Plag Figures 3 (A and D) and 8C
p . Montagnac and Massive, jointed, Figures 4F,6 (DandE) 7 (B to E), and
Maaz Rochette Citadelle Bellegarde Montdenier X Px + Plag . Cand S8 (AtoC)
Artuby ﬁgt;bérgggee) Montpezat Not sampled Distinctly layered Px + Plag Figures 6 (A to C) and 8E and fig. S4
Roubion Roubion Guillaumes Unsucce.ssful Flat-lying, friable Px + Plag Figure 8F and fig. S3B
sampling
Content Hotel Not abraded Not sampled Stru;ittl:;ijless, Px + Plag Figures 6A and 8H and fig. S6D
Issole Quartier Robine, Malay Strongly layered Ol +Px +Plag Figure S8 (Gto I)
saitah e T T
Bastide Brac Garde Salette, Coulettes  Strongly layered Ol +Px + Plag gLIEREEDy (Sg t(c/? ?)nd RICIdEE
Bastide Dourbes Not sampled Strongly layered Ol +Px + Plag griretie ame s, Sel2, £ 50

(Ato D), and S7C

*Based on (9, 15).
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Fig. 6. Examples of massive or thickly layered outcrops to thinly layered outcrops at Artuby ridge. (A) Mastcam-Z sol 289 110-mm mosaic of part of the contact along
Artuby ridge between the Artuby member of the Maaz formation and the more finely layered rocks of the stratigraphically lower Séitah formation. The average dip of the
layers here is ~#10° to the southwest (see Materials and Methods). (B) Variations in and transitions between layers of the Artuby ridge at the Grasse outcrop. This outcrop
displays several examples of variations between resistance to weathering and the knobby nature of some of the Artuby member layers (especially on the left side). Sol 177,
zcam08189. (C) Transition from rounded massive/pitted rock morphologies to fine-scale layering among Mure outcrops of the Artuby member. Sol 169, zcam08181. (D and
E) Examples of transitions from decameter-scale to centimeter-scale layering in outcrops within the Rochette member along the Artuby ridge, sol 288, zcam08312.

Fig. 7. Maaz formation rocks showing textures reminiscent of lava flows. (A) Ropy pahoehoe-like flow textures (starting at arrows) on large ~1.5-m-high and
~4-m-wide boulder (potentially impact ejecta) near Adziilii Crater from sol 110 sequence zcam03159. (B to E) Examples of morphologies from rocks and outcrops of the
Rochette member of the Maaz formation that are consistent with lava flows. These examples are from the Citadelle region of the Artuby ridge. Sol 180 sequences
zcam08195 and zcam08196. (B) Apparent flow banding (contorted layering with lack of lateral continuity; arrows) in outcrop rock. (C to E) Examples of apparent vesicular
textures (vertical arrows) and flow foliation (horizontal arrows) in Jezero floor outcrop rocks.
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fractures. While all Mdaz rocks show pitting at various scales, some
large boulders within the Ch'al member and resistant massive caprock
at the Mure outcrop also show curvilinear patterns of larger voids
[e.g., Figs. 7 and 8H and (9)].

Multispectral observations of most members of the Mdaz forma-
tion exhibit relatively flat spectra from 754 to 1022 nm, often with
weak bands near 866 nm indicative of minor hematite. Abraded rock
surfaces in the Mdaz formation (e.g., Bellegarde; fig. S3) exhibit red
patches with relatively strong absorptions near 528 and 866 nm,
consistent with a greater abundance of fine-grained, crystalline he-
matite relative to rock surfaces. Less-dusty surfaces of some Maaz
formation rocks, most commonly within the Ch'al member, exhibit
spectra with broad near-IR absorptions centered near 910 nm and
with reflectance peaks near 754 nm, consistent with orthopyroxene,
orthopyroxene-clinopyroxene mixtures, and some ferric alteration
minerals (e.g., Fe’*-bearing phyllosilicates). Subtle variations in the
positions, widths, and shapes of these bands suggest that multiple
mineral phases are present in varying concentrations or grain sizes
between outcrops.

Layered outcrops of the Artuby member exhibit reddish spectral
slopes from 442 to 754 nm and broad absorptions between 866 and
910 nm that are similar to, but weaker than, those in the Ch'al member.
The Artuby member layers are distinct from the overlying resistant
cap of the Rochette member, which exhibits a distinct spectral flat-
tening between 605 and 754 nm along with either a broad absorp-
tion centered between 910 and 939 nm or a shallow, negative slope
from 800 to 1022 nm, which are most consistent not only with clin-
opyroxene but also with some basaltic glasses (Fig. 8). Olivine sig-
natures are not detected within the Mdaz formation.

Séitah formation observations. The Séitah formation is exposed
to the west and south of the landing site in an erosional window (Fig. 1).
Rocks of the formation show distinct olivine-rich/carbonate spec-
tral signatures observed from orbit [see review in (2)]. At the base of
the Artuby ridge, stratified Maaz formation rocks overlie thinner bedded
(~2to 10 cm), similarly inclined rocks of the Séitah formation, which
typically crop out as variably resistant strata (Fig. 6 and figs. S4 and
S5), as well as some apparently structureless or massive variations.
Séitah outcrops are characterized by a series of 1- to 10-m-tall
northeast-southwest trending bedrock ridges partially covered by
aeolian bedforms (Fig. 1 and fig. S6). The Séitah formation ridges
are characterized by centimeter-thick layered rocks that occur toward
the base of the ridges and are overlain by tens of centimeter-thick
massive cap rocks with a tabular geometry. These rocks comprise
the Bastide member, formed of strata ~1 to 3 cm thick with tabular
morphology and planar to undulating bed bounding surfaces (e.g.,
figs. S5 and S6). The beds show even thicknesses laterally and are less
resistant than the overlying massive cap rocks, resulting in some out-
crops with exposed overhangs or others with stair-step patterns (Fig. 6
and fig. S6). The massive cap rocks exhibit beds with thicknesses
ranging from ~10 to 50 cm with predominantly tabular geometries.
The massive rocks appear to fracture along preexisting horizontal
planes. Close-up observations of rock textures of the Bastide mem-
ber, including at abrasion patches (figs. S3, S4, and S6), indicate
that the rocks consist of densely packed, well-sorted, coarse-
grained (1 to 2 mm diameter) dark gray angular to subrounded
grains/crystals that are surrounded by a lighter-toned material be-
tween the grains (9). Reddish brown material is found at grain
boundaries and triple junctions, as well as enclosing the light-
toned grains.

Bell et al., Sci. Adv. 8, eabo4856 (2022) 23 November 2022

In some locations, overlying the massive cap rocks, there is a unit
composed of loose, pitted decimeter-sized boulders and in-place
bedrock (fig. S6) that lacks the olivine signature characteristic of the
Bastide member (9). This unit has been designated the Content
member (9). Content member rocks are characterized by elongated
millimeter- to centimeter-sized pits and lack the bedding character-
istic of the Bastide member (Fig. 8H).

In multispectral observations, the Bastide member rocks of the
Séitah formation exhibit steep, negative spectral slopes longward of
677 nm, consistent with the broad absorption centered near 1000 nm
in olivine (Fig. 8G). The strongest olivine-like features are detected
in the abraded regions and drill tailings associated with the Garde
and Dourbes targets (Fig. 8A and fig. S3). SuperCam, PIXL, and
SHERLOC observations confirm the presence of olivine and pyroxenes
with some alteration to carbonates and other phases (9, 14, 15). Such
features are absent in the spectra of the pitted rocks comprising the
Content member (Fig. 8H). Some abraded or natural rock surfaces
exhibit relatively strong absorptions near 528 and 866 nm as well as
a neutral or positive near-IR spectral slope, consistent with crystalline
hematite. Spectra of the pitted rocks of the Content member have
reflectance peaks at 754 nm and broad absorptions centered at 910 nm,
consistent with orthopyroxene, and suggesting a distinct olivine-poor
composition compared to other Séitah rocks encountered so far.

Coating observations. Discontinuous rock coatings, with purple
hues and variable thickness (thicker in millimeter- and centimeter-
scale depressions on rock surfaces), are common across all rock
morphologies in the Séitah and Mdaz formations (e.g., fig. S7).
Morphologic evidence, supported by WATSON and SuperCam RMI
images [e.g., (11)], suggests that the coatings formed after these rocks
were exposed at the Martian surface and have since been exposed to
wind abrasion that has variably removed some of the coating. These
coatings exhibit absorptions near 528 nm and near 866 to 910 nm,
which are consistent with more crystalline hydrated ferric oxides or
other hydrated alteration phases (e.g., fig. S7). Multiple time-of-sol
observations also reveal large spectral variations of rocks and soils
as a function of phase angle. In particular, the purple-hued coatings
are more pronounced in images acquired at lower phase angles,
which emphasize differences in Mdaz formation rocks possibly re-
lated to differences in burial/exhumation histories: Brighter-toned
rocks exhibit partially dusted or indurated surfaces, and darker-
toned rocks are less dusty, with more pristine textures.

Core sample imaging observations. Mastcam-Z has imaged each
of the sample cores acquired through sol 337 (9). These images (fig.
S8) show the sample in the coring bit before the sample tubes are
transferred to the Sample Handling Arm for sealing and storage.
These images detail the range of textures and colors present within
and among the acquired samples and can be compared to their cor-
responding abrasion surfaces that are well documented by the full
suite of chemical/mineralogic rover instrumentation (fig. S3). The
cleaved ends of cores Montdenier and Montagnac and the associated
abraded rock outcrop target Bellegarde from the Maaz formation
exhibit matching textures of relatively fine-grained (~0.2 to 0.5 mm)
interlocking dark-toned and light-toned minerals, consistent with a
holocrystalline igneous rock (e.g., fig. S8A of the Rochette samples).
The shape and color of the dark-toned mineral grains are consistent
with the Mastcam-Z pyroxene spectra commonly seen in Mdaz for-
mation rock surfaces (e.g., Fig. 8). Many of the primary mineral
grains exhibit variable amounts of brown staining along their
edges, consistent with iron oxides, and especially evident around
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Fig. 8. Representative Mastcam-Z spectra and context images from each stratigraphic member. (A) Representative spectra, keyed to the enhanced RO Bayer filter
context images at right. Larger bold plot symbols represent 11-band narrowband filter data, while smaller lighter symbols represent Bayer RGB filter data. White arrows
indicate locations from which spectra were extracted. (B) Ch'at (sol 123, zcam03169, image ~2 m across at distance of indicated rock). (C) Naat'aanii (sol 80, zcam03129).
(D) Rochette (sol 193,zcam03217). (E) Artuby (sol 138,zcam03181). (F) Roubion (sol 175, zcam03205, image ~2 m across at distance of indicated rock). (G) Bastide (sol 213,
zcam03235). (H) Content (sol 247, zcam03249). Error bars represent spatial variance within each region sampled.

the light-toned patches that appear to reflect secondary mineraliza-
tion filling cavities. The sample cores and associated abraded sur-
faces from the Séitah formation rocks reveal coarse-grained (~2.0
to 3.0 mm) aggregate textures [fig. S8 (D and G) of the Brac and
Issole samples]. The granular nature of Séitah rocks is evident in the
more angular, rugged ends of sample cores Salette, Coulettes, Robine,
and Malay (fig. S8, E, F, H, and I). The light-toned, greenish mineral
grains in the Séitah formation samples are consistent with the
Mastcam-Z olivine-bearing spectral interpretation seen in Séitah
formation outcrops (Fig. 8). Olivine has also been identified by x-ray
fluorescence and Raman mapping obtained on the abrasion surfaces
Dourbes and Quartier by the Perseverance PIXL and SHERLOC
instruments, consistent with the interpretation of Séitah as an igne-
ous olivine cumulate (14, 15). Some amount of brown staining is
also evident in the Séitah abrasion and sample core images (fig. S8).

Interpretations. The textures and features observed in outcrops
of the Mdaz and Séitah formations as observed with the unique
combination of spatial resolution and spatial/spectral coverage of
Mastcam-Z images are largely consistent with an igneous origin
[e.g., (16)]. In particular, the structureless textures with curvilinear
voids (9) show similarities to vesicular lava flows in some locations
(e.g., Fig. 6). In other locations such as the rim of Adziilii crater and
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the Citadelle outcrop on the Artuby ridge, complex lobe/intraflow
textures are reminiscent of low-viscosity pahoehoe flows. Evidence
is also seen for flow banding, flow foliation, and vesicular textures
(potentially enhanced due to wind erosion) suggestive of gas bubble
formation during extrusion (e.g., Fig. 7).

However, impact processes have also clearly modified the sur-
face materials in Jezero, as most obviously evidenced by the numer-
ous craters visible from orbit and down to rover scales (e.g., Fig. 1
and fig. S2). In the field, impactites typically share many character-
istics with volcanic rocks, including potential flow patterns and tex-
tures like banding or foliation and compositional signatures similar
to those of typical basaltic compositions [e.g., (17)]. While specific
definitive evidence of impact-related genesis or modification has
not yet been seen in Jezero floor rocks (e.g., shatter cones in images
or confirmed presence of maskelynite or diaplectic glass in abrasion
patches investigated by SHERLOC or SuperCam), the potential or-
igin and/or modification of many of these materials by impact pro-
cesses remains a valid hypothesis to test.

Thus, the natural surface textures and outcrop geometries of the
parts of the Mdaz and Séitah formations so far observed are not
uniquely consistent with a specific origin. Their spectral properties
are also not definitively diagnostic, as the strong olivine signatures
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in Séitah rocks, as opposed to the pyroxene signatures in Mdaz for-
mation and Content member rocks, could be due to either density
sorting within a single igneous unit [e.g., (1I)] or the emplacement
of distinct lava flows. Both formations show signs of variable oxida-
tion that could be related to alteration either during or long after
emplacement, as well as surface coatings that postdate wind erosion
and likely imply alteration under more modern conditions (fig. S7).

To date, the rocks in the western delta scarp and remnants are
the only imaged rocks with an unambiguously sedimentary origin
(10). The Perseverance rover has also not thus far encountered ob-
vious primary-deposited tephra (tuff) deposits, impact breccias, or
other specific lithologies. However, high-resolution images of some
specific rock and outcrop morphologies and textures are potentially
consistent with sedimentary or pyroclastic origin hypotheses. For
example, the subcentimeter-scale stratification within some outcrops
in the Mdaz formation at Mure and along the Artuby ridge could be
consistent with either volcanic/volcaniclastic or perhaps intra-lava
flow fluvial/lacustrine sedimentary deposition (Fig. 6 and fig. S4).
However, the stratified outcrops so far encountered on the crater
floor do not show evidence of fluvial/lacustrine or pyroclastic den-
sity current structures such as cross-bedding, ripples, imbrication,
scour and fill structures, or graded bedding (normal or reverse).
While the structureless layers of the outcrops encountered at Mure
and along the Artuby ridge have features that are most consistent
with a lava flow origin, a sedimentary origin is possible for the
lower thinly layered parts (Figs. 6 and 7 and fig. S4) or for exten-
sions of these strata that continue into the subsurface as measured
by RIMFAX (18). For example, the finer strata could potentially be
primary and/or reworked pyroclastic sediments as opposed to fluvial
or lacustrine sediments.

The interpretation that many of the Jezero crater Maaz forma-
tion rocks and strata thus far encountered are volcanic or volcani-
clastic in origin is consistent with some aspects of conclusions derived
from other Mars 2020 instruments. Specifically, visible to near-IR
reflectance spectra from the SuperCam instrument have been inter-
preted to reveal an igneous terrain with compositional and possible
mineral density stratification (11), consistent with potential local
magmatic extrusion and/or eruption. SHERLOC data have been in-
terpreted to suggest that the degree of aqueous alteration of the
mafic to ultramafic protolith was relatively low because large
olivine-rich domains remain intact within Séitah (14), and PIXL
results have been interpreted to be consistent with a cumulate igne-
ous unit within Séitah (15). The geographically related presence of
extrusively or explosively emplaced volcanic rocks in the Mdaz for-
mation is consistent with the hypothesized presence of intrusive
igneous cumulates in the underlying Séitah formation.

Integrated payload results from SuperCam, SHERLOC, and PIXL,
along with mineralogic inferences from Mastcam-Z multispectral
observations, suggest that alteration materials—including carbon-
ates, hydrated silicates, sulfates, perchlorates, and iron oxides—are
pervasive in the Jezero crater floor but low in abundance. Observa-
tions of the Maaz and Séitah formations suggest that the presence of
an overlying ancient Jezero lake did not cause substantial open-system
alteration or leaching of these rocks. This could be because the an-
cient Jezero lake was short-lived relative to typical chemical weathering
time scales during warmer paleoclimate conditions and/or that en-
vironmental conditions were prevalently cold. The slow kinetics of
basaltic protolith alteration and secondary mineral precipitation at
low temperatures could also explain the relatively low abundances
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of many alteration phases but still be consistent with the presence of
carbonates. Alternatively, the same erosional processes that have worn
back and apparently removed many of the ancient delta sedi-
ments from the crater could also have substantially deflated the
original, more altered rocks on the crater floor. Future explora-
tion of the crater floor as well as of lacustrine and fluvial sedi-
ments at the Jezero delta will allow the Perseverance team to test
these hypotheses.

Regolith morphologies, textures, and multispectral properties
Observations. Differences in texture, tone, color, and distribution
characterize four broad components of the regolith on the Jezero
crater floor (Fig. 9). These include coarse, dark-toned, gray grains
that occur as well-sorted, aeolian-transported sand (<1-mm grain
sizes) found commonly on megaripple surfaces (Fig. 9, A, B, and D).
A second regolith component includes coarser (1 to 2 mm diame-
ter), subrounded gray grains that are not associated with bedforms
and occur around the bases of larger rocks, suggestive of a lag
deposit (Fig. 9, A and D). These grains are bluer in color than
finer-grained regolith materials, with a peak reflectance at 677 nm
and flat to negative near-IR slopes consistent with a broad ~1000-nm
absorption—a spectral signature consistent with olivine (Fig. 9A),
which has also been identified in SuperCam LIBS measurements of
coarse-grained regolith (19).

A finer-grained, redder regolith component is mixed with and typi-
cally underlies the coarser components. This redder regolith also occurs
in depressions on the tops of rocks. Wheel tracks and dislodged rocks
resulting from rover activity disturb the uppermost surface, revealing
the finer-grained and darker-toned underlying regolith. In places,
they also provide evidence of a crust of more indurated regolith at
the surface (Fig. 9E). This regolith component has a peak reflectance
at 754 nm and a broad absorption centered at 908 nm, consistent
with pyroxeneand a possible ferric iron component (Fig. 9A). Last,
pebble- and cobble-sized rock fragments characterize a regolith
component that typically occurs where aeolian bedforms are absent
(Fig. 9B).

Interpretations. While the coarsest of the gray grains collect at
the bases of some exposures of Mdaz formation rocks, spectral differ-
ences observed between these grains and nearby rocks suggest that
they are not genetically related (Fig. 9B). However, their spectral
properties are consistent with the olivine-dominated rocks in the
Séitah formation (e.g., Fig. 8) and thus could have formed by weathering,
erosion, transport, and preferential accumulation (20) of olivine from
Séitah formation outcrops. In general, the provenance of these mo-
bile sand grains is difficult to constrain, and their sources could be
quite distant. Spectral similarities to the pyroxene-like spectra of Mdaz
formation rocks support the hypothesis that such rocks could be a
local source for the finer-grained, redder regolith component. Fine-
grained regolith likely incorporates some amount of airfall dust as
well. Although less dusty than other landing sites, dust is present in
various thicknesses across most surface materials (e.g., Fig. 8G).
The dust has visible to near-IR spectral properties consistent with
fine-grained crystalline or amorphous nanophase ferric oxides, ex-
hibiting stronger absorptions near 530 and 860 nm (Fig. 9A).

Evidence for physical weathering and erosion and formation of
coarse-grained regolith via comminution and in situ weathering of
specific rocks and outcrops has been observed in Jezero crater rocks
[e.g., (9)]. However, that evidence is rare, and aeolian processes have
clearly mixed and homogenized the overall distribution of regolith
materials. Active aeolian transport of granular materials during strong
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Fig. 9. Examples of distinct Jezero crater regolith textures, morphologies, and spectral properties. (A) Spectra from same-colored ROIs in (C) to (F), except for the
dust spectrum, which is an average of a large number of relatively uniform “optically thick dust” deposits seen on many rocks in the Maaz and Séitah forma-
tions. (B) Spectra from same-colored ROIs in (G). (C) Examples of three different regolith textural/morphologic types in the same scene: coarse-grained gray and fine-
grained red (inset 1) and aeolian gray sand (inset 2). Sol 286, zcam3265. (D) Example of a small bedform on top of “mixed” natural regolith surface. Sol 104, zcam03151.
(E) Example of coarse gray grains, potentially armoring a bedform. Sol 106, zcam03153. (F) Example of disturbed soil with wheel track. The rock movement exposes the
finer-grained regolith beneath the surface and the apparent surface crust. Sol 130, zcam03175. (G) Example of coarse gray grains not spectrally similar to rocks they are
near, suggesting that they are sourced elsewhere. Sol 103, zcam03150. Error bars represent spatial variance within each ROl sampled.

wind events has been directly observed several times during the
mission thus far [e.g., (21)].

Delta observations and interpretations

While the focus of the rover’s first Earth year of exploration was on
the Jezero crater floor, high-resolution images acquired during that
time and reported here substantially extend the resolution, coverage,
and/or quality (illumination conditions) of previously reported Mastcam-Z
and SuperCam RMI images of the southeast-facing scarps and ero-
sional remnants of Jezero’s western fan deposits (Fig. 5). These ob-
servations support the hypothesis that the delta scarp and remnants
like the Kodiak butte are the stratigraphically youngest materials in
the crater [e.g., (2)]. These images are consistent with classical
Gilbert-type deltaic features interpreted as bottomset, foreset, and
topset beds (10). The putative bottomsets contain subhorizontal
planar stratification of what has been interpreted to have been fine-
grained sediments (sand-sized or finer); the foresets likely contain
sandstones with pebbles and cobbles, the topsets are subhorizontal-
ly stratified, and the uppermost parts of the western fan scarp have
been interpreted as a boulder conglomerate (10).

Bell et al., Sci. Adv. 8, eabo4856 (2022) 23 November 2022

Meteorology and surface-atmosphere interactions

Dust optical depth and particle sizes

Analysis and modeling (see the “Dust characterization and model-
ing methods” section for details) of multispectral imaging of the
Sun, clouds, and sky provide results that directly characterize
atmospheric dust and ice aerosols to understand the current cli-
mate of Mars and potential hazards for future exploration. Direct
solar imaging and near-Sun observations in Jezero have occurred at
a much higher intra- and intersol cadence than during previous Mars
surface missions, enabling almost daily characterization of column-
integrated aerosol abundance and particle size at carefully chosen
local solar times and viewing geometries. These results provide
quantitative local validation of nearly continuous planet-wide,
orbiter-based atmospheric studies over the past 13 Mars years [e.g.,
(22, 23)].

Perseverance landed in early northern spring at a time of moder-
ate atmospheric dust content and later observed seasonal declines
in dust optical depth as well as occasional ice clouds and hazes
(Fig. 10A). Over the first 275 sols (solar longitude L ~ 20° to 135°,
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Fig. 10. Dust optical depth and size variations above Jezero crater. (A) Derived atmospheric optical depth in Jezero crater based on direct solar imaging observations.
Inset shows examples of solar disk (and sunspots) images acquired through ND RGB (left) and 880-nm (right) filters. (B) Effective radius of the observed dust aerosols as a

function of Mars season (Ls) through sol 274 (27 November 2021).

through about mid-Northern summer), observed 880-nm optical
depths of 0.4 to 0.5 were consistent with seasonal expectations for
dust [e.g., (24)]. The early summer decline to an optical depth (t) of
~0.25 mimics trends at other Mars landing sites at the same season
[e.g., (24-26)]. The optical depth record will expand to include dust
storms that can be studied by the full suite of meteorological instru-
ments, as at previous sites [e.g., (21, 27, 28)]. Solar images also
occasionally contain large sunspot groups (Fig. 10A). They contrib-
ute no appreciable error to the optical depth inferred from solar flux
but instead enable unique monitoring of solar activity on different
parts of the Sun than visible from the Earth or from interplanetary
heliophysics satellites.

Morning water-ice hazes were present throughout the first 300
sols of the mission. Ice cannot typically be distinguished from dust
in the extinction measurements, due to their similar 2- to 4-um
aerosol diameters (29, 30). Ice content is instead inferred from the
diurnal behavior—observations before about 10:00 a.m. local time
are systematically elevated by At = 0.05 to 0.10 compared to obser-
vations in warmer parts of the day (Fig. 10A)—along with prior
knowledge of the seasonal presence of water ice around Mars’s
aphelion [e.g., (29, 31)].

Figure 10B presents the derived column-integrated dust aerosol
particle sizes through sol 275, including the observations where
some water ice might be present (i.e., before 10:00 a.m.) although
the dust optical depth is still anticipated to be the dominant source.
The derived particle sizes near 1.4 um are consistent with previous
characterization efforts from other rovers and orbital platforms [see
(27)] but provide much higher temporal sampling for correlating
locally observed meteorology with synoptic- or global-scale atmo-
spheric behavior.

Despite frequent sky imaging by Mastcam-Z and Navcam (32),
discrete ice clouds were rare during the first 300 sols of the mission.
Brief exceptions occurred around sols 70 and 170, when clouds
were seen in many images, and around sols 250 to 275, when dis-
crete clouds appeared in increasingly clear skies (fig. S9).
Surface-atmosphere interactions
Wind abraded rocks. Multispectral imaging also constrains boundary
layer phenomena and surface-atmosphere interactions. A record of
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long-time scale surface-atmosphere interactions in Jezero (seasonal
to billions of years) is being assessed through observations and anal-
ysis of oriented flutes, pits, scoops, and gouges in rocks that indicate
abrasion by wind-driven sand and the direction of the most energetic
winds when abrasion occurred (20, 33-36).

Abundant wind-abraded rocks and aeolian bedforms have been
observed at the landing site and along the rover’s traverse through
sol 180, providing evidence for both recent and ancient prevailing
wind directions [e.g., (21)]. We measured the 3D orientations of a
variety of flutes, regolith wind tails, and other aeolian features using
high-resolution DTM:s (see Fig. 4G and Materials and Methods for
details on DTM generation from stereo imaging) to infer the orien-
tation of the winds that formed them and compared these azimuths
with azimuths determined from examination of MRO/HiRISE and
other orbital images, climate model predictions, and wind data
acquired by the rover’s Mars Environmental Dynamics Analyzer
investigation (37). One or two flutes were measured on each of
13 specific rock surface ventifacts in the DTMs, yielding a mean
azimuth of 95° + 7° (implying sand-transporting winds from the
west-northwest). However, similar measurements of 16 presumably
younger regolith wind tails, indicators of more recent winds,
show that present-day sand-driving winds typically blow from the
east-southeast (nearly the opposite direction; mean azimuth =
292° + 17°).

Atmospheric modeling generally predicts net annual sand trans-
port from the east-southeast at present (38), consistent with our
Perseverance regolith wind tail results as well as with orbital obser-
vations (39). The very different orientation of rock surface aeolian
abrasion features at the site supports the hypothesis that they were
formed under a different climate regime. Such marked differences
in orientations of recent and paleo-wind indicators have been noted
at other Mars surface locations [e.g., (36, 40)] and may be a result of
major orbital/axial changes that can cause significant changes in at-
mospheric circulation [e.g., (41)].

Dust lifting and transport during Ingenuity helicopter flights. Six
flights of the Ingenuity helicopter (42) have so far been documented
using the high spatial resolution and video capabilities of the
Mastcam-Z instrument, including each of the first five historic
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Table 2. Six video-documented flights of the Ingenuity helicopter.

Flight Sol Earth date Flight time (s) Description

Hover to 3 m; rotate body 90°, hover in place (~0-m lateral distance);
1 58 19 April 2021 39 land near takeoff site. First flight of a powered aircraft on another

world
2 61 22 April 2021 52 Hover to 5 m; +2-m lateral motion; land near takeoff site
3 64 25 April 2021 80 Hover to 5 m; lateral flight to 50 m; return; land near takeoff site
) Hover to 5 m; lateral flight to 133 m; return; land near takeoff site. First
4 69 Rl 17 recorded sounds of helicopter flight (66)
5 76 7 May 2021 108 Hover to 5 m; lateral flight to 129'm south; hover to 10 m; land at
129-m distance

Hover to 8 m; lateral flight of 210 m; return to the northeast and back,

13 193 5 September 2021 160 returned to within ~12 m of takeoff site. First “science scouting”flight,

flights (Table 2). Both natural and rotor-induced dust lifting were
observed in the images and videos (fig. $10). All flights occurred
near local noon when high convective activity was expected. The
first five take-offs and four landings all took place in the rover-
disturbed area of the original Ingenuity drop-off location. Dust lift-
ing was associated with each event. During flight 4, the helicopter
flew out of frame to the south (the camera mast could not “track” the
helicopter during flight) and returned into the frame within a large
dust cloud moving with the helicopter. Figure S10 (top) shows the
flight-4 dust cloud using mean-frame removal to identify changes
in the scene and converting to an optical depth overlay based on the
contrast changes of the background. The lateral optical depth of the
dust cloud was 0.02 to 0.10, where low optical depths could be reliably
measured only against shadowed areas. The dust cloud was observed
to enter the frame ahead of the helicopter and moved with the heli-
copter across the frame before a landing out of the frame lifted more
dust, moving north or north and west (where west was into the frame).
It is clear that some part of the flight had substantial dust raising and
that the cloud accumulated and followed the helicopter with the
winds, which were from east-southeast at 5 + 1 m/s at the rover lo-
cation (21), implying that the dust cloud moved both to the right
and away from the rover. The source region has not been identified.

Dust devils. Short-time scale behavior of local sources of dust in
the boundary layer has also been investigated in Jezero through
imaging of dust devils, thermal vortices that raise and entrain dust
(21, 33, 43-46), and the assessment of the rate and properties of
dust sedimentation on rover deck-mounted calibration targets.
Dust devils have been commonly observed at the site (21) and have
appeared in some of the helicopter flight videos, including one
>16 m in diameter (fig. S10).

DISCUSSION

Jezero crater was selected as the landing site for the Perseverance
rover because evidence from orbital images suggested that it once
contained a lake and preserves evidence for a possible delta deposit
at the terminus of its western inlet channel. Mastcam-Z and SuperCam
long-distance observations provide strong evidence for a Gilbert-
type deltaic origin for what have been interpreted to be the strati-
graphically highest deposits in the crater (10).
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over Séitah ridge

Mastcam-Z images and multispectral data provide novel infor-
mation on the texture, morphology, and stratigraphy of a wide variety
of rocks on the crater floor of Jezero. The morphologic, lithologic,
and mineralogic features observed (including evidence for pyroxene,
olivine, and crystalline hematite) are consistent with lightly aque-
ously altered igneous rocks that have experienced local impact
disruption of varying degrees, followed by aeolian modification.

Two distinct geologic formations have been characterized from
Mastcam-Z data based on morphologic and mineralogical charac-
ter. The distinctly layered Séitah formation is exposed in an ero-
sional window to the south and west of the landing site (Figs. 1 and
6 and figs. S5 and S6). While the presence of layering in Séitah is
potentially consistent with either igneous or sedimentary origins,
Mastcam-Z multispectral and morphologic results presented here
as well as results from the rest of the integrated Perseverance pay-
load (9, 11, 14, 15) suggest that the Séitah formation represents an
igneous olivine cumulate deposit.

In contrast, the overlying Maaz formation displays a variety of
macroscopic morphologies ranging from massive lithologies to lay-
ered strata. Mastcam-Z-based interpretation of the morphological
expression and textures observed on some Mdaz outcrops (for ex-
ample, vesicularity, complex lobe/intraflow patterns, flow banding,
and flow foliation), together with mineralogical evidence of their
iron-bearing silicate mineralogy being dominated by pyroxene
(Figs. 3 and 6 to 8 and fig. S4), indicates primary formation by lava
flows. However, an impactite origin cannot be ruled out and the
thin centimeter-scale stratification within some of these layers could
represent aeolian strata or pyroclastic deposits.

Geochronology of returned igneous or impact rock samples from
the crater floor has the potential to provide constraints on the absolute
timing and duration of fluvial events in Jezero through stratigraph-
ic relationships with the delta, as well as constraints on the timing
and evolution of igneous activity on the crater floor and surround-
ings and of key events on Mars more generally through calibration
of the crater chronology (7, 47).

We have found no compelling evidence for lacustrine sedimen-
tation in the crater floor regions thus far explored using the rover.
Any lacustrine sediments in the region explored so far were apparently
either buried by igneous or impact processes, eroded away, or a
combination of both.
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Last, the amount of atmospheric dust aerosol observed above
Jezero crater met seasonal expectations, while morning ice hazes were
common and afternoon ice clouds were episodically seen. The dust
size distribution was consistent with prior observations with a cross-
sectional weighted average radius typically near 1.4 um. The local
processes that maintain atmospheric dust were observed and char-
acterized in images and video of dust devils, and vortex-induced
dust transport processes were observed at unprecedented high tem-
poral frequency in videos of the Ingenuity helicopter’s rotor-induced
dust lifting events.

MATERIALS AND METHODS

Instrumentation and calibration

Mastcam-Z comprises a pair of multispectral, 4:1 zoomable, focus-
able 1648 x 1214 pixel CCD cameras (I, 48) that are mounted
1.985 m above ground level on Perseverance’s remote sensing mast,
providing color stereo images and videos of the scene around the
rover. As of mission sol 328 (21 January 2022), 2337 imaging se-
quences had been commanded to acquire and downlink 34,744
unique raw Mastcam-Z images and more than 44,880 raw video
frames. At the lowest zoom setting, the cameras have a focal length
of 26 mm, a field of view (FOV) of 25.5° x 19.1°, and a pixel scale of
~540 um at a 2-m distance and ~27 cm at a 1-km distance. At the
highest zoom, the focal length is 110 mm, the FOV is 6.2° x 4.2°,
and the pixel scale is ~148 um at 2 m and ~6.7 cm at 1 km. Each
camera head carries an eight-position filter wheel that contains an
IR-cutoff filter for color imaging through the detector’s Bayer-pattern
microfilters, a neutral density (ND) solar filter for imaging the Sun,
a common filter centered at 800 nm (18-nm full width at half max-
imum) to accommodate stereo imaging, and five additional narrow-
band geology filters (1). Together, this filter set allows the acquisition
of 11-point narrow-band spectra between 442 and 1022 nm. The
ND filters allow solar imaging at Bayer RGB (ND6) and at 880 nm
(ND5), respectively. The camera heads are separated by 24.3 cm with
a total toe-in angle of 2.3° between the optical boresights, which al-
lows the generation of stereo terrain models with approximate range
resolution of ~0.4 mm at 2 m and ~1 m at 1 km (using 110-mm
zoom and assuming a 0.25-pixel correlation error; see Materials and
Methods for details). Images acquired by Mastcam-Z are converted
to radiance (W m™ s ! nm™) with an accuracy of ~5% (40).

The Mastcam-Z primary and secondary radiometric calibration
targets (49) are mounted on the rear, starboard side of the rover (fig.
S11) and are routinely imaged by the cameras. The primary target
(mass, 103 g) is a gold-anodized aluminum base carrying a black-painted
gnomon, four concentric grayscale, ceramic rings, and eight circu-
lar ceramic color and grayscale patches mounted on top of strong
hollow-cylinder permanent magnets that repel magnetizable dust
from their central surfaces. The secondary target (mass, 15 g) is a
simple aluminum L-bracket carrying 14 square, ceramic color and
grayscale patches, seven mounted vertically and seven mounted
horizontally. The targets are routinely imaged to accompany multi-
spectral image sequences of targets on the surface. Most calibration
target images are acquired within a few hours of local noon. The
photometric properties of the calibration targets are well understood
from preflight testing and in-flight validation, enabling radiance-
calibration of images to absolute accuracies of 5 to 10% (48, 49).

The Mastcam-Z radiometric calibration pipeline uses the results
of the preflight calibration (48) to convert raw images in units of
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observed digital number (DN) to average in-band radiance in units
of W m™ sr™! nm™". The pipeline applies corrections for detector
bias and response (flat field) and scales images by the appropriate
factors to convert DN to radiance as a function of filter and zoom
position. For each radiance image, a corresponding error map is
produced that combines the propagated one-sigma error for all cali-
bration parameters and photon counting statistics. A pixel identification
map is also produced to highlight dead, hot, saturated, and poten-
tially nonlinear pixels.

Once radiance images are produced by the radiometric calibra-
tion pipeline, they are then converted to radiance factor (approximate
reflectance) values using the closest available image of the cali-
bration target. The radiance factor (also known as incidence-over-
reflectance, IOF, or I/F) is defined as the radiance emitted from a
surface relative to the radiance that would be emitted by a perfectly
Lambertian surface under the same illumination conditions and
oriented normally to the incident sunlight. This is also & times the
bidirectional reflectance, or n-radiance/irradiance where irradiance
is power per time per unit area normal to the incident beam. IOF is
a convenient measure because the definition requires no knowledge
of the incidence angle of illumination on the surface. If the angle of
incidence is known (or assumed), IOF may be converted to reflec-
tance factor or R* (“r-star”) by R* = IOF/cos(i) [e.g., (50)].

The incident irradiance in each filter is found by making a linear
fit of observed radiance to the known reflectance of the magnetical-
ly protected central spots of the circular color and grayscale patches
of the calibration target. As of sol 300, these regions had attracted
very little dust so no correction for dust is yet required. The derived
irradiance values are then used to convert other images in matching
filters from radiance to IOF by division (48, 49). A simple atmo-
spheric transmission model corrects for the difference in time of
acquisition between calibration target image and the images being
calibrated. In most cases, this correction is small (<1%) because the
time difference is small (minutes). For each IOF image, an error
map is produced that propagates the error map for the radiance im-
age with the additional uncertainty introduced by the IOF conver-
sion estimated from the linear fit described above.

Standard broadband red, green, and blue (RGB) filter imaging
combined with visible to near-IR narrowband imaging has permit-
ted the identification of distinct units and materials at hand lens to
regional scales. Spectra in up to 14 specific wavelengths are extracted
from multispectral images by selecting regions of interest (ROIs)
from which R* values are averaged. Spectra from the left and right
Mastcam-Zs are scaled to their average value at 800 nm (the L1/R1
narrowband, stereo filters), and error bars shown indicate the SD of
pixels within each ROI, which is generally much larger than the in-
strumental uncertainty (48). Multispectral variations can be caused
by changes in texture, subpixel-scale surface relief (including grain
size), illumination and viewing conditions, or the presence of sur-
face coverings or coatings. They can also be linked to compositional
and/or mineralogic properties related to the presence of certain classes
of Fe**-bearing silicates, Fe’*-bearing oxides or oxyhydroxides, and
OH- or H,0-bearing alteration minerals (I), although some important
and likely abundant phases (e.g., plagioclase) cannot be uniquely
identified from imaging in the 400- to 1000-nm region. Multispectral
images and mosaics—rendered as approximate true color, decor-
relation stretches, principal component stretches, or other band pa-
rameters maps—provide a rapid way to assess the properties of
newly encountered terrains and targets. Surface integrals of ROIs
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across all filters produce spectra upon which quantitative analyses
of specific targets can be performed. These data often inform follow-up
by other rover instruments with more precise compositional and
spectroscopic capabilities.

Most of the instrument parameters used by the radiometric cali-
bration pipeline, including the detector gain and responsivity, dark
current, optical throughput (i.e., effective f-number), and amplitude of
the modulation transfer function (MTF), have been validated by in-
flight calibration activities on Mars. Other aspects of the camera
calibration, such as sky flat observations to augment flat field cor-
rection maps, focus prediction models, and camera model coeffi-
cients, have been updated by in-flight calibration activities. A series
of zero-second exposure shutter frames were also acquired on Mars
to train the shutter frame simulation model [see (48)] used to re-
move static and dynamic bias contribution. All raw images from the
Perseverance rover are quickly made publicly available on a NASA
website (https://mars.nasa.gov/mars2020/multimedia/raw-images),
and all calibrated Mastcam-Z radiance and radiance factor images
are routinely being archived for public release via the NASA Planetary
Data System’s Cartography and Imaging Sciences Node (https://
mastcamz.asu.edu/mastcam-z-data-for-all) (51).

Stereo image processing and DTM methods and products
The Mastcam-Z stereo camera system uniquely enables detailed
measurements of the topography of rocks, outcrops, and other geo-
logical features for precise 3D visualization and stratigraphic map-
ping. The creation of such spatially extensive fine-scale DTMs is not
possible either using the relatively small number of monoscopic
SuperCam RMI images or using Navigation and Hazard Camera
images, which are at too-low spatial resolution to resolve critical
textural and/or granular details.

3D vision processing uses standard stereo photogrammetry to
perform a sequence of individual processing steps, based on precise
knowledge about the instrument’s geometric parameters and the known
pointing angles of the pan-tilt unit on the remote sensing mast. The
individual steps can be summarized as follows:

1) Stereo matching between left and right camera image to gain
a dense set of corresponding points.

2) 3D triangulation to generate a 3D mesh for each correspond-
ing point pair, making use of the known stereo geometry.

3) Projection of image texture onto the mesh.

4) Data fusion between adjacent meshes.

5) For the 2D mosaic case: Projection of camera textures onto an
infinite virtual cylindrical or spherical gridded model and mosaicking
between adjacent patches with optimization criteria to minimize
visual effects on the borders between patches.

6) Optimization of 3D data structures to enable the following
real-time rendering of huge datasets: Production of an OPC (ordered
point cloud).

Using the specialized software PRo3D (short for Planetary Rover
3D Viewer), these 3D products can be viewed, analyzed, and anno-
tated for scientific analyses [e.g., (52)]. Possible analyses include but
are not necessarily limited to the measurement of scales (figs. S1, S4,
and S5), dip and strike (figs. S4 and S5), altitude, areal coverage, slopes,
and other geometric relationships that can be directly obtained from a
high-resolution OPC. The spatial information uses the Perseverance
pose (position and rotation angles), which is provided by the Jet
Propulsion Laboratory engineering team for each position change.
This allows the application of a 3D Helmert transform of all obtained
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datasets OPCs, meshes, and mosaics into a Mars-global reference
frame for 3D data fusion in a geometrically consistent manner.

Dust characterization and modeling methods

Direct solar imaging at RGB and IR wavelengths [e.g., (24)], supple-
mented by sky imaging, is used to track the aerosol content of the
atmosphere above Jezero crater. Extinction measurements via di-
rect solar imaging enable the most accurate method available for
measuring column-integrated aerosol optical depth (24, 53, 54). When
combined with high radiometric fidelity images of clouds (fig. S9)
and diffuse sky radiance, aerosol particle sizes and other dynamical
and macrophysical properties like single scattering albedo are also
derived (21, 46, 55-57). In addition to the synoptic measurements
of the column-integrated optical depth of aerosols, routine atmo-
spheric observations included a set of near-Sun images used to
characterize the aerosol particle size through a sampling of the for-
ward diffraction lobe (30).

Dust particle size is determined by a nonlinear least-squares
minimization between the sky images and a forward model calcu-
lated using a multiple-scattering radiative transfer algorithm. The
data are constrained to have scattering angles between 7° and 20°,
selecting only the portion of the images most sensitive to particle
size (e.g., the diffraction lobe) and avoiding the potential issue of
scattered light associated with a bright source just outside of
the FOV. The forward model is based on the well-known, robust
DISORT package (http://www.rtatmocn.com/disort/) [e.g., (58, 59)], ac-
cessed through the Python-based front-end library pyRT_DISORT
(https://github.com/kconnour/pyRT_DISORT) (60). An advantage
of pyRT_DISORT is the ease-of-use with the selected optimization
library, LMFIT (https://Imfit.github.io/Imfit-py/intro.html) (61). By
fixing the optical depth using the contemporaneous direct solar
observation, the best-fit effective radius is found using a grid of
radiative properties (and linear interpolation) constructed using
oblate cylinders and refractive indices (62-64). These observations
enable separate fits for dust and water ice based on the distinctly
different shape of the scattering phase function outside of the diffrac-
tion lobe. This, in turn, enables higher fidelity calculations of the effects
of aerosol particle size on radiative budgets in dynamical calcula-
tions of both surface and atmospheric heating rates [e.g., (65)], espe-
cially when correlated with other relevant meteorological and remote
sensing observations from the Perseverance rover [e.g., (21, 32)].

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abo4856
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