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Figure S1. (a) Example Mastcam-Z 3D image and (b) stereo anaglyph (for red/blue glasses) of the darker toned rocks that stick out from the flat and low lying, 
polygonal fractured, and light-toned paver rocks of the Naat'áanii member of the Máaz formation, near the OEB landing site. Sol 88, zcam08047. The scene also 
shows the characteristics and distribution of regolith in this area of the rover traverse. Credits: NASA/JPL/Caltech/MSSS/ASU/JR/VRVis/ÖAW/Gerhard Paar. 



Figure S2.  Examples of distant features imaged from the rover’s landing site and along the traverse path (see also 
Figure 1). (A) Adziilii crater, Sol 112, zcam08088. Distance between the rim points noted is ∼72 m; (B) Sava 
Vallis, Sol 53, zcam08100; (C) Neretva Vallis, Sol 275, zcam08134; (D) Pliva Vallis, Sol 132, zcam08134; (E) 
Zoomed view of the “northern fan” deposits at the mouth of Sava Vallis, Sol 63, zcam08108. The near-field 
boulders in the center of the image are each   ∼1 m across. (F) Enhanced color mosaic of examples of cone-like hills 
(arrows) approximately 10 km to the southwest of the OEB landing site, just within the rim (distant horizon) of 
Jezero crater. The hills range in height from 50 m to 300 m and in width from 330 m to 1.3 km. Sol 114, 
zcam08092. (G) Enhanced color mosaic of Jezero Mons (arrow), a large conical mountain outside of Jezero crater 
47-km to the east-southeast of the landing site and rising ∼2-km above the crater rim. The view is harshly contrast-
enhanced to bring out subtle distant details. Sol 484, zcam08513.



Figure S3. (a) Representative Mastcam-Z spectra from four abrasion patches, shifted vertically where indicated in 
legend, and shown as decorrelation stretch images (using filter L2,5,6): (b) Guillaumes (Sol 162, zcam03197, 
Roubion member); (c) Bellegarde (Sol 187, zcam3213, Rochette member); (d) Garde (Sol 207, zcam03229, Bastide 
member); (e) Dourbes (Sol 255, zcam03253, Bastide member). (f) For comparison, representative Mastcam-Z 
spectra from natural rock surfaces in each stratigraphic member, shifted vertically as indicated in legend, enhanced 
R0 Bayer filter context source images shown in Figure 8. (g) Laboratory spectra of relevant Fe-bearing minerals 
weighted by Mastcam-Z bandpasses, normalized and shifted for clarity: basaltic glass (67), olivine, ferrosilite, 
nontronite, hematite (68), pigeonite (69). For scale, each of the abrasion patches is 5 cm in diameter. Error bars 
represent spatial variance within each region sampled. See Table 1 for formation and member names associated with 
these sample sites. 



Figure S4. Example 3D reconstruction of an outcrop imaged by Mastcam-Z on Sol 177 (zcam08189) at the Artuby ridge, which is part of the Máaz formation. 
Massive decimeter scaled layers and centimeter to subcentimeter scaled layers are visible in the outcrop. The thin, planar layers with knobby textures (arrows) 
are reminiscent of sedimentary structures. Layers with a similar appearance are common throughout the Artuby ridge and also in some parts of the Mure outcrop. 
The massive and thicker layers dip with a mean (N=6) of 11.9°±1.2° towards south-southwest (azimuth of 209°±7°). See Materials and Methods. Credits: 
NASA/JPL/Caltech/MSSS/ASU/JR/VRVis/ÖAW/Andreas Bechtold. 



Figure S5. Example 3D reconstruction of an outcrop that was imaged on sol 240 (zcam08264) by Mastcam-Z in the layered rocks of the Bastide member of the 
Séítah formation. The layers shown here are several centimeters thick and dip with a mean of 4.9°±1.2° and a mean azimuth of 201°±7° (N=6) towards south-
southwest. See Materials and Methods. Credits: NASA/JPL/Caltech/MSSS/ASU/JR/VRVis/ÖAW/Andreas Bechtold. 



Figure S6.  Overlook and characteristic morphologies from Mastcam-Z enhanced color imaging of the Séítah formation in outcrops on Martre ridge in the South 
Séítah region. (A) Mastcam-Z Sol 202 (zcam08223) mosaic showing thinly layered rocks at the base of the ridge overlain by massive cap rocks with tabular 
beds. White arrows point to Bastide, Val de Graves, and Village outcrops shown in images (B-D) below. View is towards the NE. (B) Enhanced color mosaic 
taken on Sol 208 (zcam08240) of the layered Bastide outcrop near the base of Martre ridge and the Garde abrasion patch. View is towards the NW. (C) Mosaic 
acquired on Sol 208 (zcam08240), showing the transition from thin 1-2 cm-thick layers to massive m-thick beds of the Bastide member visible at the Val de 
Graves outcrop.  The massive boulder on the lower right broke off from the m-thick bed on Val de Graves outcrop. (D) Mosaic of massive and thin layers of 
Bastide member visible at Village outcrop. Similar to the Val de Graves outcrop, less resistant thin 1-2 cm-thick layers (white arrow) transition to more massive 
thick beds, resulting in overhangs. The average dip of the layers at this part of Martre ridge is ≈10° to the SW. Overlying the massive beds of the Bastide member 
are loose pitted boulders (black arrow) that make up the Content member of the Séítah formation. The nature of the fracturing in both (C) and (D) is consistent 
with the thin layers being less resistant than associated overlying massive beds. 



Figure S7. (a) Mastcam-Z spectra of purple-hued coatings, source images shown in c-f. (b) Lab spectra weighted by 
Mastcam-Z bandpasses. Mastcam-Z enhanced color images of (c) Dourbes (Sol 255, zcam03253); (d) Hedgehog 
(Sol 37, zcam03108); (e) Alk Es Disi (Sol 91, zcam03141); (f) Rochette (Sol 188, zcam03214). White arrows 
indicate locations from which spectra were extracted. Error bars represent spatial variance within each region 
sampled. 



Figure S8. Mastcam-Z images of abrasion patches and core samples for each of the three workspaces sampled as of 
Sol 337 (Rochette, Brac, Issole). Abrasion patches are shown in the left column and have a 50-mm diameter, 
followed by the first and second core samples (10-mm diameter) acquired at that workspace (middle and right 
columns, respectively). (A) Bellegarde abrasion patch Sol 187, zcam03213. (B) Montdenier sample acquired Sol 
190, zcam05076. (C) Montagnac sample acquired Sol 196, zcam05076. (D) Dourbes abrasion patch Sol 255, 
zcam03253. (E) Salette sample acquired Sol 262, zcam05068. (F) Coulettes sample acquired Sol 271, zcam05068. 
(G) Quartier abrasion patch Sol 295, zcam03273. (H) Robine sample acquired Sol 295, zcam05068. (I) Malay
sample acquired Sol 337, zcam05068.  See Table 1 for formation and member names associated with these sample
sites.



Figure S9: Mastcam-Z examples of ice clouds imaged above Jezero crater. All images acquired at 26-mm focal length (field of view 25.5°⨉19.1°) using reusable 
sequence zcam01000. (A) Sol 72; (B) Sol 185; (C) Sol 289; (D) Sol 289.   



Figure S10: Single Mastcam-Z images extracted from Ingenuity flight videos showing lofted dust and background 
dust devils at 26-mm focal length (field of view 25.5°⨉19.1°). Each image on the right is an enhanced color stretch 
(1 to 99%). Each image on the left has a false-color overlay (corresponding to the inset) showing a parameterized 
dust index, with brighter blue colors corresponding to higher dust devil optical depth. (top row) Flight 4, Sol 69 
Mastcam-Z sequence zcam05053. The helicopter is circled in the enhanced color view; (middle row) Flight 5 shortly 
after takeoff, Sol 76, zcam05060. Two dust devils were observed within a pre-flight part of the video and that later 
showed up in Navcam images of the flight. The dust devil to the right was in 80 sec of video and had optical depths 
of about 0.2; the one to the left was in frame for another 40 sec and had optical depths near 0.02. (bottom row) 
Flight 5, shortly before landing, Sol 76, zcam05060. This dust devil had an optical depth near 0.1 and was observed 
beyond Adziilii crater, at least 2 km distant and thus > 16 m in diameter.  All of these dust devils were moving 
roughly northwest, which is consistent with prevailing winds from the east-southeast and with the motion of the dust 
cloud observed in Ingenuity flight 4 on sol 69. Other dust devils showed up in the flight 4 video during take-off, and 
in images of distant terrain. See links to Supplementary Videos for the full associated Mastcam-Z movies. 



Figure S11: Subframed image of the Mastcam-Z radiometric calibration targets (55) acquired by Mastcam-Z 
through the left-eye broadband (L0) filter at 48-mm focal length on sol 236 in late afternoon (sequence zcam03014). 
This low-sun frame shows the thick dust rings attracted to the eight strong magnets as well as the relatively clean 
spots at the center of each patch where the magnetic force repels magnetizable dust. The top surface of the primary 
target (top) is 10 cm across and the top of the gnomon is 3.75 cm above that surface. The secondary target (bottom) 
is 8 cm long. The primary target is embellished with a variety of education and public outreach elements (70). 



List of Supplementary Videos and Interactive 3-D Models 

Note:  These data provide important visualization support for the results presented in this 
manuscript. The Ordered Point Clouds (OPCs) used to produce all of the topographic models 
shown in the supplementary movies were created from PDS-released Mastcam-Z stereo and 
monoscopic data sets, and are available from sftp://PRoViP-Mastcam-Z-PDS-
Released:MQRr63hJdUzVFHYc!@dig-sftp.joanneum.at:2200/ (it is recommended that an sftp 
client or application is used to connect). In addition, the original 3D model files used in the 
Sketchfab visualizations linked below are maintained online indefinitely and can be downloaded 
directly from each of those sites for free.  

Videos and www-accessible interactive 3D models that support specific figures, in order: 

Movie S1: Figures 2, 3a, 3d, and S1: 3-D video fly-over of regolith and paver rocks at 
“Peppermint Prickly Pear Pavers” and other locations (with audio). 

Figure 3A and  S1: 3-D interactive model of Nizhoni. https://skfb.ly/o6BXN 
Figure 4E: 3-D interactive model of the sampled rock Rochette, pre-abrasion. 

https://skfb.ly/o7vUP 
Movie S2: Figures 4G and 5: Examples of Mastcam-Z 3-D DTM analyses for stratigraphy and 

ventifact orientations. 
Figure 5B: 3-D interactive model of the Kodiak delta remnant. https://skfb.ly/oorPv 
Movie S3: Figures 6A, 6D, 6E, and S6: 3-D video fly-over from an outcrop of the Séítah 

formation (Figure S6) to Artuby ridge outcrops (Figure 6D and 6E) of the Máaz formation. 
On the way back the camera stops at an outcrop in the transition zone between the Séítah and 
Máaz formations (Figure 6A).  

Movie S4: Figures 6B and S4: 3-D video fly-over of an outcrop of the Maaz formation at Artuby 
ridge.  

Movie S5: Figure 6C: 3-D video fly-over of the Mure layered outcrop.  
Figure 6D: 3-D interactive model of the Mure layered outcrop in the southeast Artuby ridge. 

https://sketchfab.com/3d-models/m2020-zcam-artuby-sol-173-
9fff617e4f6e40378b82e57dd0b58c39 

Figures 6 and S4: 3-D interactive model of the Mure layered outcrop farther along on Artuby 
ridge.  https://skfb.ly/opuJX 



Figure 8C, 3-D interactive model of the Naat'áanii target in the Dibahi workspace near the 
Octavia E. Butler landing site.  https://skfb.ly/o8VPD 

Figure 9G: 3-D interactive model of the Niyol rock target: https://skfb.ly/osEpN 
Figure 9F: 3-D interactive model of disturbed soil with wheel tracks at rock named 

Raton.  https://skfb.ly/oow7X 
Figure S3B: 3-D interactive model of the abrasion patch at the Guillaumes sampling site. 

https://skfb.ly/orDII  
Movie S6: Figure S3B: 3-D video fly-over of WATSON images of the tailings pile from the 

"failed" first coring attempt at the Roubion sampling site.  
Figure S3C: 3-D interactive model of of WATSON images of the Bellegarde abrasion 

patch. https://skfb.ly/o8PLU 
Figure S3D: 3-D interactive model of of WATSON images of the Garde abrasion 

patch.  https://skfb.ly/o7OwB 
Figure S3E: 3-D interactive model of of WATSON images of the Dourbes abrasion 

patch.  https://skfb.ly/o8PLT 
Movie S7: Figures S3E, S7C, and S8D: 3-D video fly-over of the of the Brac sampling site. 
Figure S4: 3-D interactive model of Artuby ridge.  https://skfb.ly/o7Kxs 
Movie S8: Figures S5 and S6: 3-D video fly-over of part of Séítah.  
Figure S10: Mastcam-Z full videos of Ingenuity Flights #4, #5, and others. 

https://mastcamz.asu.edu/mars-helicopter-flights-caught-on-video/ 

In addition, the following 3-D fly-over videos provide a general overview/examples of the ways 
that 3-D images and DTMs support the understanding of scale, sizes, thicknesses, and 
strikes/dips of features being assessed for stratigraphic and structural analyses, as well as 
the ways that the authors interrogate the interfaces between rocks and the regolith: 

Movie S9: Perseverance Sol 249 visualization from Mastcam-Z 110 mm stereo sequence 
zcam08272 on the the Séítah formation rock Brac.  Scale bar shows 10 cm increments, and 
several thickness measurements and dip directions are indicated.  

Movie S10: Perseverance Sol 204 visualization from Mastcam-Z 110 mm stereo sequence 
zcam08227 covering light-toned paver rocks of the Naat'áanii member of the Máaz 
formation. Scale bar shows 10 cm increments. 
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