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Asstract:  In 2023, the Mars 2020 Perseverance rover investigated the Skrinkle Haven member of the Tenby formation
in the > 3.5-billion-year Jezero Crater western fan. This unit was interpreted from orbiter data as bank attached,
lateral-accretion bars in a sinuous river on a muddy delta plain. To test that hypothesis, this study applies facies
and stratigraphic analyses of both rover and orbiter data. Rover images show that the Skrinkle Haven member is
composed of two lithofacies: a fine-grained sandstone and a pebble conglomerate. Both lithofacies are composed
of structureless, ungraded, planar-parallel beds that have sharp, nongradational contacts and depositional angles
up to ~ 30°. These characteristics indicate that grain flow was the main depositional process and that the sedimentary
bodies were built through downstream accretion. Architectural analysis suggests that the Skrinkle Haven member was
deposited primarily as delta foresets and mouth bars, with limited river bar deposition. The sequence stratigraphic
analysis identified five maximum-flooding surfaces associated with relative-lake-level increases ranging from 5 to 25 m. In
the sequences, deltaic strata prograded during normal and forced regressions. Some sequences have evidence for
compensational stacking. Lake levels decreased through time both within sequences and throughout the duration of
the Skrinkle Haven member deposition, from at least —2415 m in the oldest sequence to at most —2455 m in the youngest.
The elevation range of the Skrinkle Haven member is below the modern Jezero Crater outlet breach, suggesting that the
Jezero Crater lake basin was closed at that time. Overall, the Skrinkle Haven member records the deposition of a sandy to
conglomeratic deltaic system that prograded into a closed lake basin during both forced and normal regressions. This type
of fluvial-deltaic system is significantly different from the muddy delta topsets originally interpreted from orbiter data,
because of the different implications for biosignature preservation and the paleohydrology of the Jezero Crater.

INTRODUCTION studied using remotely sensed images from orbiting spacecraft and ground-

based robotic missions (see Grotzinger and Milliken (2012) and McLennan

Sedimentary rocks are widespread on the surface of Mars (Malin and ¢t a1, (2019) for reviews). These sedimentary rocks are interpreted to have
Edgett 2000; Grotzinger and Milliken 2012; Edgett and Sarkar 2021). Since  been deposited through aqueous (e.g., Williams et al. 2013; Gwizd et al. 2024a;
NASA’s Viking missions in the 1970s, sedimentary rocks on Mars have been  Stack et al. 2024), acolian (e.g., Grotzinger et al. 2005; Banham et al.

Published Online: December 2025 Open Access CC-BY 4.0
Copyright © 2025, SEPM (Society for Sedimentary Geology) 1527-1404/25/095-1080

Downloaded from http://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/95/6/1080/7559485/10.2110_jsr.2025.019.pdf by California Institute of Technology user on 11 February 2026


mailto:elizabeth.ives@wmich.edu

SEDIMENTOLOGY AND STRATIGRAPHY OF THE SKRINKLE HAVEN MEMBER

2018), and glacial processes (Milliken et al. 2003; Butcher et al.
2024) and subsequently cemented. The deposition and cementation
of sedimentary rocks on Mars largely occurred between ~ 4 and
3 billion years ago (Ga) when the atmosphere was thicker and climatic
conditions were wetter and warmer than today (Wordsworth 2016; Kite
2019). In contrast to their Archean and Proterozoic counterparts on Earth,
ancient sedimentary deposits present on the surface of Mars today are
commonly preserved in their original depositional location because Mars
has likely never experienced plate tectonics (e.g., Breuer and Spohn (2003)).
Such rocks are primary records of the climate, environments, processes, and
potential habitability of the ancient Martian surface, and potential analogs
for the early evolution of other rocky planets in our solar system, including
Precambrian surface environments on Earth (Lapoétre et al. 2020, 2022).

This study uses data collected on Mars by the Mars 2020 Perseverance
rover (Farley et al. 2020). The objectives of the Mars 2020 mission include
characterizing the geology and past habitability of Jezero Crater and the
surrounding region (Fig. 1), and collecting scientifically compelling
samples as part of the Mars Sample Return campaign (Beaty et al. 2019;
Farley et al. 2020). Orbiter data show that Jezero Crater contains geomorphic,
sedimentary, and mineralogical evidence of water (Fassett and Head 2005;
Ehlmann et al. 2008), including a fan-shaped deposit of sedimentary rocks
dubbed the Jezero Crater western fan, located downstream of the large inlet
channel Neretva Vallis (Fig. 1C, D). Since beginning surface operations in
February 2021, Perseverance has enabled a more thorough understanding of
the sedimentary geology of the western fan (Caravaca et al. 2024; Gupta et al.
2024; Mangold et al. 2024; Stack et al. 2024b). Perseverance has also
collected 13 sedimentary rock cores from Neretva Vallis and the western fan
(Farley and Stack 2023, 2024a, 2024b; Herd et al. 2025).

Between March and June 2023, Perseverance collected observations of
a group of sedimentary rocks in the western fan designated the Skrinkle
Haven member (mbr) of the Tenby formation (fm) (Figs. 1D, 2, 3). This
unit was known from orbiter data as the “curvilinear unit” due to the distinct
planform geometry of sedimentary bodies that constitute it (Goudge et al.
2018; Stack et al. 2020). The consensus hypothesis before Perseverance’s
landing was that the Skrinkle Haven mbr was deposited by lateral-accretion of
bank-attached fluvial bars in a sinuous river on a delta plain (Schon et al.
2012; Goudge et al. 2018; Lapotre and Ielpi 2020). However, interpretations
of on-the-ground observations from Perseverance of similar strata elsewhere in
the western fan suggest that a deltaic-foreset hypothesis is more appropriate for
the curvilinear unit strata (Mangold et al. 2021, 2024; Caravaca et al. 2024).

This study uses orbiter and Perseverance rover data to determine the
depositional origin of the Skrinkle Haven mbr and test the hypotheses that its
strata were deposited as laterally accreting point bars in a meandering fluvial
system (Schon et al. 2012; Goudge et al. 2018) or as deltaic foresets. This
study characterizes the depositional environment of the Skrinkle Haven mbr
by describing its lithofacies, sedimentary architecture, and sequence stratigraphy.
This work uses new observations from instruments on board Perseverance along
with remotely sensed orbiter images and elevation data.

Differentiating between a fluvial setting and a delta-foreset setting is
important since those scenarios have different implications for relative lake levels
during deposition and therefore would establish different paleolacustrine histories
of Jezero Crater. This work contributes to understanding the depositional history
of the Jezero Crater western fan and therefore the history of ancient water,
surficial conditions, and habitability in Jezero Crater. Additionally, this work
provides geologic context for the “Melyn” sedimentary rock core sample
(Fig. 2A, C) which was collected by Perseverance from the Skrinkle Haven
mbr (Farley and Stack 2024b; Weiss et al. 2024; Herd et al. 2025) and may be
returned to Earth for study as part of the Mars Sample Return mission.

GEOLOGIC SETTING

Jezero Crater Geography

Jezero Crater is an ~ 45-km-diameter impact crater located along the
northwestern edge of Isidis Planitia in the southeastern Nili Fossae region
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of Mars (18.4°N, 77.7°E; Fig. 1A, B). The crater is thought to have formed
during the late Noachian period between 3.96 Ga (Werner 2008) and 3.82 Ga
(Mandon et al. 2020). Jezero Crater has paleogeomorphic features that
indicate that water was once an active and powerful agent of surficial change
in the crater and the surrounding region (Fassett and Head 2005; Schon et al.
2012). Two notable landforms are the bedrock inlet valleys, Neretva Vallis
and Sava Vallis (Fig. 1C). These valleys appear to have drained an area
northwest of the crater (Fassett and Head 2005; Goudge et al. 2015; Mangold
et al. 2020). The combined watershed areas feeding these valleys have been
estimated to be between ~ 15,000 km? and ~ 30,700 km? (Fassett and Head
2005; Goudge et al. 2015; Mangold et al. 2020). This range is similar to the
moderately sized watershed area of regionally important terrestrial rivers such
as the River Thames in the United Kingdom (~ 16,000 km?). The slopes of
discrete reaches of the modern Neretva Vallis channel range from 0.7% to
1.7% (Mangold et al. 2020) which are similar to channel slopes of terrestrial
rivers in mountainous regions (e.g., Cohen et al. 2018).

Neretva Vallis and Sava Vallis end in Jezero Crater downstream of where
they incise the crater rim (Fig. 1C). Two coalesced sedimentary fans are
present downstream of where the valleys enter the crater (Fig. 1C) (Fassett
and Head 2005; Schon et al. 2012; Goudge et al. 2015, 2018; Mangold et al.
2020; Stack et al. 2020; Jodhpurkar et al. 2024). The preserved western fan is
~ 7 km long, ~ 10 km wide, has a surface area of ~ 26 km?, and a maximum
height of ~ 210 m above the igneous and volcanic crater floor. Counts of impact
craters on the Jezero Crater western fan indicate a minimum depositional age of
3.5(+0.1/—0.3) Ga (Mangold et al. 2020). Jezero Crater also has a bedrock
outlet valley (Pliva Vallis) that begins where it incises the eastern crater rim with
a brink-point elevation of around —2400 m (Fig. 1C). The presence of this paleo-
outlet channel indicates that the crater was filled at least once with sufficient
water to incise an exit down to an elevation of ~ 200 m above the modern
crater floor (Salese et al. 2020; Fassett and Goudge 2021; Villette et al. 2025).
Geomorphic evidence from Pliva Vallis suggests that multiple flood events
led to incision of the brink-point and valley through time (Villette et al. 2025).
The crater would have acted as an open lake basin when lake levels in the
crater exceeded the outlet’s brink-point elevation, and as a closed lake basin
when lake levels were below that outlet elevation.

Previous Work

Before the Mars 2020 mission, the origin of the Jezero Crater fans was
interpreted using orbiter datasets. A deltaic origin for both the northern
and western Jezero Crater fans was initially proposed by Fassett and Head
(2005) based on the planform morphology of the fans and the similar elevation
of the fan tops to the Pliva Vallis outlet channel. This hypothesis was bolstered
by spectral observations collected by the Compact Reconnaissance Imaging
Spectrometer for Mars instrument (CRISM; Murchie et al. 2009) on the Mars
Reconnaissance Orbiter (MRO; Zurek and Smrekar 2007) that were interpreted
by Ehlmann et al. (2008) to show evidence for Fe-Mg smectite minerals in the
Jezero Crater western fan. Ehlmann et al. (2008) used the smectite observations
in combination with MRO High-Resolution Imaging Science Experiment
(HIiRISE; McEwen et al. 2007) images of the Jezero Crater western fan to infer
the presence of distinct delta lobes and fluvial lateral-accretion sets in the
western fan. This interpretation of fluvial lateral-accretion sets was based on
the observation of features described as epsilon cross-beds and the interpretation
of those features as scroll bars created as migrating point bars formed through
lateral accretion in a muddy, clay-rich, delta-top fluvial setting (Schon et al.
2012). The Fe-Mg smectite detected in the western fan was predicted to be
detrital in origin instead of authigenic because similar spectral signatures were
observed in potential source rocks in the Jezero Crater watershed (Ehlmann
et al. 2008; Goudge et al. 2015).

Subsequently, Schon et al. (2012) expanded on the prior observation of
epsilon cross-bedding and inferred scroll bars, arguing that the surficial
expression of curvilinear strata in the Jezero Crater western fan is representative
of ridge-and-swale topography (e.g., Nanson 1980). Goudge et al. (2017, 2018)
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Fig. 1.—Orbiter images showing the global and regional context of the Jezero Crater western fan, Mars (Table S3). A) Colorized-image mosaic of Mars’ surface
showing the global context of Jezero Crater (location indicated by green star) at the junction of three regions of Mars: Isidis Planatia (IP) lies within a giant, ~ 3.96 Ga
impact crater (Werner 2008), Syrtis Major Planum (SM) is a large dark-toned region of Mars that derives its color from extensive mafic lava flows that are likely ~ 3.5-3.8 Ga
(Hiesinger and Head 2004; Bramble et al. 2017), and Nili Fossae (NF) is a series of grabens that formed in country rocks of enigmatic composition and origin (Mandon et al. 2020).
The white outline indicates the extent of Part B. The basemap is an equiangular projection of the Mars Viking Colorized Global Mosaic (USGS Astrogeology Science Center 2009).
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corroborated this fluvial hypothesis by using HiRISE images and HiRISE-
derived elevation data products to measure the geometry of strata in the Jezero
Crater western fan, and interpreting the strata as point-bar deposits. Subsequent
studies used this fluvial hypothesis to inform calculations of potential discharge
through the Neretva Vallis channel system and rates of Jezero Crater western
fan deposition (Goudge et al. 2018; Lapétre and lelpi 2020; Salese et al. 2020).

At the time Perseverance operations began, there was considerable
confidence that the Jezero Crater western fan was deposited as a delta and
that the curvilinear unit identified from orbit represented topsets of this
delta deposited as laterally accreting bars in a sinuous river channel with
floodplains rich in detrital clay during individual flood events. Based on
this depositional interpretation and the resulting stratigraphic analysis,
Goudge et al. (2018) concluded that the strata of the curvilinear unit were
deposited during a transgression produced by a gradual increase in lake levels
in the Jezero basin.

Geologic and Stratigraphic Context from the Rover Perspective

Observations collected by instruments onboard Perseverance have enabled
detailed characterization of the geology of Jezero Crater, including the
sedimentology and stratigraphy of the Jezero Crater western fan. The
sedimentary rocks of the western fan unconformably overlie mafic igneous
and volcanic units of the crater floor (Farley et al. 2022; Liu et al. 2022,
Wiens et al. 2022; Beyssac et al. 2023; Simon et al. 2023; Sun et al. 2023;
Paige et al. 2024). Pre-landing orbiter observations identified three distinct
sedimentary rock types making up the lower, middle, and upper parts of the
fan (Goudge et al. 2018; Stack et al. 2020).

On-the-ground rover observations have confirmed that these three orbitally
identified sedimentary rock types correspond to three distinct sedimentary
units: the Shenandoah fm, the Tenby fm, and the Otis Peak fm (Fig. 3). The
base of the fan is made up of the ~ 25-m-thick Shenandoah fm (Fig. 3)
(Stack et al. 2024). The Shenandoah fim is a fining-upward clastic sedimentary
succession of laminated fine-grained sandstone and mudstone intercalated with
lenses of granule and pebbly sandstone (Fig. 3C). This succession has been
interpreted to represent an unconfined, distributive depositional system—either
a distal alluvial fan (Stack et al. 2024) or a turbidite system (Tebolt et al. 2025).

The relatively flat-lying strata of the Shenandoah fm are erosionally
overlain by coarse-grained, often steeply dipping strata of the Tenby fm
(Fig. 3) (Gupta et al. 2024; Mangold et al. 2024; Stack et al. 2024). The
Tenby fm is generally composed of coarse-grained sandstones and
conglomerates with diverse sedimentary architectures, which have been
divided into the Rockytop mbr, the Franklin Cliffs mbr, the Skrinkle
Haven mbr, and the Carew Castle mbr (Fig. 3). The Rockytop mbr is up
to 20 m thick and is made up of lenses of dipping, planar, thin-bedded
sandstone and conglomerate couplets that are interpreted as distal delta
foresets (see Facies Association 3 of Stack et al. 2024). The Franklin
Cliffs mbr is up to 50 m thick and is composed of steeply inclined, pebbly
and cobbly coarse-grained sandstone beds that are overlain by conglomeratic
fluvial strata. These units are interpreted to be delta foresets and gravel-rich
fluvial topsets (Mangold et al. 2024). The Skrinkle Haven mbr, the topic of
this paper, is also up to 50 m thick and consists of steeply dipping sandstone
and conglomerate beds. Although both the Skrinkle Haven mbr and the
Franklin Cliffs mbr contain steeply dipping strata, the Skrinkle Haven mbr is
distinguished in two ways. First, the Skrinkle Haven mbr does not include the
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same fluvial strata (interpreted topsets) as the Franklin Cliffs mbr. Second, the
sandstones and conglomerates of the Skrinkle Haven mbr have sharp contacts
and alternate in a pseudo-rhythmic fashion. The Carew Castle mbr consists of
a 25-m-thick succession of cross-stratified sandstone and conglomerates that
overlies an erosional contact with the Skrinkle Haven mbr (Fig. 3). Though
some members of the Tenby fm tend to occur at higher or lower elevations
than others (Fig. 3), their stratigraphic order is likely not as straightforward.
This lateral variability is not reflected in the synthetic column in Figure 3C.

The Otis Peak fm overlies an erosional unconformity with the Tenby fm
(Fig. 3). This unit is organized into distinct lobes on the top of the western
fan that are thought to correspond to erosionally inverted channel-belt
deposits (Goudge et al. 2018; Kronyak et al. 2023; Gwizd et al. 2024b). The Otis
Peak fin lithologies include planar-bedded and cross-bedded sandstone to pebble
conglomerate, boulder conglomerate, and a mafic igneous unit (Fig. 3A, C)
(Gwizd et al. 2024b).

DATA AND METHODS
Data Sources

The lithofacies of the Skrinkle Haven mbr were characterized using rover
instrument observations, and the sedimentary architecture and sequence
stratigraphy were largely characterized using orbiter data aided by rover
observations. Rover and orbiter data sources are described in Table 1 and
Supplementary File S2. Observations of the Skrinkle Haven mbr were made
between mission sols 715 and 836 (between March and June 2023) (Fig. 2A).

METHODS

Lithofacies Characterization.—Lithofacies descriptions and interpretations
were made based on various scale images of outcrops, workspaces, and
targets, all collected by rover instruments (Table 1; Supplementary File S2).

Grain-size data were collected by point count and grain tracing on
colorized SHERLOC ACI (Table 1) images of the Solva and Solitude
Lake abrasion patches (Figs. 2, 4). The methods used were aimed at replicating
classic thin-section point-counting techniques but with the high-resolution ACI
images of a section of the abrasion patch surface. Grain sizes were classified
according to Wentworth (1922). ACI images were imported into Adobe
Illustrator and overlaid by a 0.5 mm grid. Each grid intersection point was
classified as having “Data” or “No Data.” Data points were classified as being
a grain, intergranular cement, intragranular cement, or void. No Data points
were due to either the point being covered by dust or the image at that point
being unclear. The Solva and Solitude Lake targets yielded 562 and 566 data
points, respectively. Where a point overlies a grain, that grain’s outer edge
was traced in Adobe Illustrator. The long axis of each grain trace was measured
using Feret’s Diameter function in the software ImageJ (Schneider et al. 2012).
This long axis length was treated as an approximation of grain-size and used to
calculate grain size distribution and sorting for each abrasion patch.

Characterization of Sedimentary Architecture.—The stratigraphic
architecture of the Skrinkle Haven mbr was characterized using observations
from orbiter data and validated with rover data wherever possible (Table 2).
First-order architectural units of the Skrinkle Haven mbr are individual beds

—

B) Regional context of Jezero Crater, the Mars 2020 Perseverance landing site and exploration area, shown on a digital elevation model and derived hillshade from Mars Orbiter
Laser Altimeter (MOLA) and High-Resolution Stereo Camera (HRSC) data (Fergason et al. 2018). C) DTM overlaid on a Context Camera (CTX) basemap (Dickson et al. 2023) of
Jezero Crater and surrounding region showing the location of the main inlet (Neretva and Sava) and outlet (Pliva) valleys, western fan (WF) and northern fan (NF) deposits, and crater
rim and floor. D) Perseverance’s traverse (white line) in Jezero Crater from the Octavia E. Butler Landing Site (green dot; sol 0) to the sol 1232 rover position annotated on a High
Resolution Imaging Science Experiment (HiRISE) false-color, orthophoto mosaic (Fergason et al. 2020). The solid black line indicates the likely outcrop extent of the Tenby fm, and
the blue shaded area within that indicates where the Skrinkle Haven mbr crops out. The black dashed line indicates areas on the western fan surface where sedimentary rocks similar

to the Skrinkle Haven mbr crop out.
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Fic. 2.—A) Geographic context for observations of the Skrinkle Haven member made by the Perseverance rover between mission sols 715 and 835 on a High Resolution
Imaging Science Experiment (HiRISE) false-color orthophoto mosaic basemap (Fergason et al. 2020) (Table S3). The thick black line delineates the outcrop extent of the Skrinkle
Haven mbr. Black, italic labels indicate named parts of outcrop area referred to in the text. The white line shows Perseverance’s traverse across the study area. White and red circles
along the traverse mark end-of-sol parking locations of the rover, and the adjacent white numbers are the first sol the rover was parked at that location. Red dots are parking locations
where significant, proximal observations were made of the Skrinkle Haven mbr at B) Echo Creek, C) Tenby, and D) Skrinkle Haven. At the Tenby and Solva locations, Perseverance
abraded and conducted proximity science using the instruments on the rover’s arm. The Melyn drill core was collected by Perseverance at the Tenby location.
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Solitude Lake Abrasion (Sol 782) Solva Abrasion (Sol 747)
Echo Creek Workspace Berea Workspace

FiG. 4—The Solitude Lake (Parts B, C, D) and Solva (Parts E, F, G) abrasion patches that were used to measure the grain-size distribution of Facies 1 (F1). A) Map
showing the locations of the abrasion patches. The basemap is a false color orthophoto mosaic compiled from HiRISE observations (Fergason et al. 2020). The white,
translucent line is the Perseverance rover traverse, and the white dots along the traverse are rover parking locations, as in Figure 2. B) Mastcam-Z 110 mm mosaic looking
toward north at the Echo Creek workspace on sol 792 (rover sequence zcam08817). The Belva crater south wall is also visible in the foreground and the north wall in the
background. The red box indicates the location of Part C. C) Mastcam-Z 110 mm mosaic looking down at the Echo Creek workspace before abrasion (Sol 775 z08795).
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(Fig. 5A). Beds of the Skrinkle Haven mbr are difficult to trace laterally for
more than a few meters at the outcrop scale since outcrop quality is variable
(Fig. 5A). Bedsets, the second-order architectural element, are composed of
multiple beds of the same lithofacies (Fig. SA, B). Bedsets are easily traced at
the outcrop and orbital scale (Fig. 5B, C). The bedsets of the Skrinkle Haven
mbr are organized into curvilinear sets, third-order stratigraphic architectural
elements in which the planes of the constituent bedsets are parallel to and
congruent with one another (Figs. 5C, 6).

Geospatial analyses were conducted on Skrinkle Haven mbr geometries
visible in orbiter data to determine their geometric characteristics. QGIS
(QGIS.org 2024) and a HiRISE image mosaic (Fergason et al. 2020) were
used to trace the geometry and spatial distribution of bedsets in the Skrinkle
Haven mbr as a line shapefile (Fig. 6; File S5). Parallel, congruent bedsets
were then grouped into curvilinear sets. A polygon was traced around the
exterior of each curvilinear set, and each was given a nondescriptive alpha
name code (e.g., A, BB, CCC, etc.; Fig. 6; File S6). Where available, rover
images were used to assist in the delineation of both spatial data sets. The
python packages GeoPandas (Jordahl et al. 2020), Rasterio (Gilles 2024),
and rasterstats (Perry 2024) were used to analyze the characteristics of the
HiRISE DTM in each curvilinear set (File S8). Extracted characteristics for
each curvilinear set polygon include shape parameters (length, width, area)
and elevation statistics including mean, median, minimum, and maximum
elevation as well as amplitude (apparent height), which is the 90th percentile
(Pyp) elevation less the 10th percentile (Py() elevation in any given polygon
(Tables 1, S7).

Dip magnitude and dip direction of strata in the Skrinkle Haven mbr
were estimated using HiRISE DTMs. The orientations of traced bedsets
for the entire Skrinkle Haven mbr were estimated by assigning elevation
values from the HiRISE DTM to each trace (making each line three-
dimensional) and then applying a method of plane fitting to each bed set
trace adapted from (Quinn and Ehlmann (2019); Supplementary File S5).
The circular mean dip direction and standard deviation of the fitted planes
were used to characterize the dip direction and spread of each curvilinear
set. These measurements were enabled by the irregular surface at the top
of the Jezero Crater western fan, in which curvilinear sets often crop out
over a topographic surface with tens of meters of relief (Fig. 3B).

The characteristics of bedsets and curvilinear sets were also assessed in
six cross sectional transects across the Skrinkle Haven mbr (Fig. 6). The
mapped bedset traces were used along with the HiRISE DTM to construct
the cross sections.

The arrangement of bedsets in the cross sections was used to assess
stacking patterns in curvilinear sets. The stacking pattern of each curvilinear
set was classified as being primarily prograding, aggrading, or retrograding,
based on the orientation of constituent bedsets derived from cross sections,
Wheeler diagrams, and estimated dip direction (Table S7). Curvilinear sets
were classified as prograding if their bedsets appeared to have a growth
direction towards the south to northeast (basinward; away from the Neretva
Vallis channel) and retrograding if they appeared to have a growth direction
towards the north to southwest (toward the Neretva Vallis Channel). Curvilinear
sets were classified as aggrading if the vertical growth of the strata was more
pronounced than either its basinward or anti-basinward growth.

Then, the relative stratigraphic order of the curvilinear sets was determined
using HiRISE images, the HIRISE DTM, Mastcam-Z images and image
mosaics, and RIMFAX observations. Using these data, Wheeler diagrams

LRW.IVES ET AL.

(Wheeler 1964; Qayyum et al. 2017) were constructed along the same
transects as the cross sections.

Where possible, the nature of the lower bounding surfaces of the curvilinear
sets were determined using plan view, outcrop, and cross-section observations.
The lower bounding surface of each curvilinear set was described as either
erosional, non-erosional, or unknown (Table S7). The lower bounding surface
of a curvilinear set was considered erosional if the bedsets in a younger
curvilinear set truncate the bedsets of an older curvilinear set in plan view
(Fig. 6) and the younger set is at the same or a lower elevation (i.e., the
younger set is not overlying the older set). If no erosional truncation of
the older set could be observed at a contact, the stratigraphic termination
type (e.g., downlapping) of the younger curvilinear set was assessed either from
outcrop images or inferred from cross sections. If neither the erosional state nor
the stratigraphic termination of a curvilinear set’s lower bounding surface could
be discerned, the lower bounding surface was classified as unknown.

Defining Sequence Stratigraphic Components and Surfaces.—A
sequence stratigraphic approach was applied to the curvilinear sets of the
Skrinkle Haven mbr to understand the time—space relationships of strata
and their relationship to relative lake level (Table 2). In the case of the
Skrinkle Haven mbr, the relative age of its curvilinear sets can be inferred
only through their stacking order. For this analysis, curvilinear sets were
considered to be architectural elements—groups of sedimentary bodies
that share common facies associations, geometries, stacking patterns, and
bounding surfaces (Table 2) (Pickering et al. 1995). Cross sections, architectural
element stacking patterns, RIMFAX radargrams, and rover images were all
incorporated into the interpretation of the relative ages of the stacked
curvilinear sets. Since the Skrinkle Haven mbr was most likely deposited
through downstream-accreting grain flows, we assume that the bedsets in
each curvilinear set young in the dip direction. To illustrate the relationship
between curvilinear sets in time and space, Wheeler diagrams (Wheeler 1964;
Qayyum et al. 2017) were constructed along each cross section. The duration
of unitless time assigned to each curvilinear set was selected purely to
illustrate trends on the Wheeler diagrams. While determining the relative
ages of curvilinear sets in a single cross section is a straightforward exercise,
only a handful of curvilinear sets serve as tie points between cross sections.

A sequence stratigraphic approach can be applied in lacustrine settings
to understand how the deposition of clastic sequences is affected by changes
in relative lake level on short (< 1-1000 year) timescales (e.g., Moran et al.
2023; Zavala et al. 2024). Systems tracts are defined as successive curvilinear
sets with the same stacking pattern type and general growth direction that are
not separated by major unconformities (Table 2). Following the preferred
nomenclature for lacustrine systems, systems tracts are either transgressive or
regressive (Embry and Johannessen 2017; Zavala et al. 2024). A transgressive
systems tract (TST) is defined by an underlying maximum regressive surface
(MRS) and an overlying maximum flooding surface (MFS) (Van Wagoner
et al. 1988; Embry and Johannessen 2017). A regressive system tract (RST)
is defined by the inverse relationships with MRS and MFS (Embry and
Johannessen 2017). An MFS is a stratigraphic surface that marks a maximum
relative lake level and the correlative paleolake floor at the end of a
transgression (Catuneanu 2015; Zavala et al. 2024). In the Skrinkle
Haven mbr, MFSs are defined by the base of the youngest architectural
element in a regressive trend on the Wheeler diagram. An MRS is a stratigraphic
surface that marks the change from shoreline transgression to shoreline

—

The red dot marks the location of the abrasion patch. D) WATSON 10 c¢m standoff of the Solitude Lake abrasion patch acquired on sol 781. The red box indicates the
extent of Figure 8A, the higher-resolution ACI image on which point counts were conducted. E) Part of a Mastcam-Z 110 mm mosaic of the Berea Workspace and Tenby
outcrop area acquired between sols 736 and 739 during rover sequences zcam08745, zcam08746, zcam08747, zcam0848, zcam08749, and zcam08750. The red box shows
the extent of image 4F, and the red dot shows the location of the Solva abrasion patch. F) Mastcam-Z 0 mm mosaic looking down at the Berea Workspace acquired on sol
736 before abrasion or coring activities (zcam08745). The red dot indicates the location of the Solva abrasion patch, and the white star indicates the location where the
Melyn core was collected. G) WATSON 10 cm standoff of the Solva abrasion patch acquired on sol 744. The red box indicates the extent of Figure 8E, the higher-

resolution image on which point counts were conducted.
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regression (Table 2). This transition occurs during relative-lake-level
rise, when the rate of the rise outpaces sedimentation rates (Catuneanu
2022). In the Skrinkle Haven mbr, an MRS is defined by the base of the
youngest architectural element in a transgressive trend on the Wheeler
diagram.

Sequences in the Skrinkle Haven mbr are defined systems tracts bounded by
MFSs, usually with one RST and one TST (Table 2) (Galloway 1989; Zecchin
and Catuneanu 2013; Catuneanu 2022; Zavala et al. 2024). Once sequences
were defined, interpretations were made about relative lake levels during
deposition of the Skrinkle Haven mbr and lake basin dynamics (Bohacs et al.
2000; Zavala et al. 2024).

SEDIMENTOLOGY AND STRATIGRAPHY OF THE
SKRINKLE HAVEN MBR (TENBY FM)

Skrinkle Haven Mbr Definition

Lithofacies

Facies 1 Description: Fine-Grained Sandstone.—Facies 1 (F1) is a
fine-grained sandstone (Figs. 5, 7, 8; Table 3). This facies is relatively
resistant to weathering (Fig. 5A) and has a relatively light-toned
weathering color. The upper and lower contacts of F1 with Facies 2 (F2)
are sharp, planar, and parallel to internal stratification (Fig. 5A, B).
Contacts between sets of F1 and F2 have steep dips up to ~ 35° (Figs. 5A,
B, 9, 10). Some upper contacts with F2 have minor, mm- to cm-scale
scour (Fig. 10A). Bedsets of F1 range in thickness from ~ 0.2 mto ~ 10 m,
with the most common thicknesses being between 0.5 and 1.0 m. Bedsets of
this facies are often laterally continuous within a curvilinear set, and are
visible both in outcrop (Fig. 5A, B), and in orbital images (Figs. 2, 5C, 6).
In HiRISE images and image mosaics collected by Mastcam-Z and
SuperCam, sets of F1 can be reliably traced 4—12 m across modern surface
topography, terminating only at the contact with an adjacent curvilinear set
(Figs. 5C, 6, 9).

F1 appears to be composed of thin (3—10 c¢m thick), planar parallel beds
(Fig. 7). Resolvable grain-size does not noticeably change between
adjacent beds or laminae (Figs. 4, 5, 7). No resolvable grain size trends
(e.g., fining upward, coarsening upward, grading) are observed in beds,
bedsets, or curvilinear sets (Fig. 7). All internal stratal surfaces dip parallel
to the high depositional dips of up to ~ 35° between the bedsets (Figs. 7,
9). While bedset boundaries can be traced laterally in outcrop for tens of
meters due to erosional difference, internal stratification is difficult to
follow in outcrop images (Figs. 5, 7).

Point counts of the Solitude Lake and Solva abrasion patches indicate
that F1 is a moderately sorted to moderately well sorted, upper-fine-
grained sandstone (Fig. 8; Supplementary Table S4). In both abrasion
patches, measured grain sizes range from ~ 1 mm to below the resolution
of the WATSON ACI imager (~ 0.03 mm) (Fig. 8A, E). The most
common grain-size class in both assessments is fine sand, although this is
likely a slight underestimate of grain-size due to the 2-D nature of the
studied area (Fig. 8C, G). Grains in the Solva abrasion patch are
composed primarily of olivine, pyroxene, and feldspar (Farley and Stack
2024a). Mastcam-Z and SuperCam observations show that this facies
produces spectra consistent with an ultramafic composition and Fe-bearing
carbonate in outcrop (Dehouck et al. 2024; Farley and Stack 2024a;
Nuiez et al. 2024). Point counts show that ~ 80% of the area of the Solva
and Solitude Lake abrasion patches are detrital grains and ~ 20% is
intergranular cement (Fig. 8; Table S4). No intragranular cement (cement
in clastic grains) or voids were observed. A primary porosity of ~ 20% is
consistent with fine-grained, moderately sorted sandstone observed on
Earth (Hough 1969). There are two colors of cement present in both
abrasion patches: bright white and tan (yellow-red) (Fig. 8A, E). No
assessment was made of the relative abundance or void-filling character of
these different cement types.

progradation direction that are not separated by major unconformities.
Boundaries between systems tracts are either maximum regressive surfaces or

maximum flooding surfaces.
Systems tracts may be transgressive or regressive.

or retrogradational.
Successive curvilinear sets with the same stacking-pattern type and general
Wheeler diagram.

Wheeler diagram.
Base of the youngest architectural element in a transgressive trend on the

Architectural elements may be dominantly progradational, aggradational,
A group of systems tracts that share upper and lower maximum flooding surfaces.

Base of the youngest architectural element in a regressive trend on the

Curvilinear sets; groups of conformable bedsets.

Definition Sources
and Allen 1999; Catuneanu 2022;

Zavala et al. 2024
Catuneanu 2013; Catuneanu 2022;

Brown and Fisher 1977; Posamentier
Catuneanu 2015; Zavala et al. 2024
Zavala et al. 2024

Galloway 1989; Zecchin and

Pickering et al. 1995

TaBLE 2.—Description of sequence stratigraphic components.
Catuneanu 2022

Definition and Purpose
associations, geometries, common bounding surfaces.

environmental energy, and changes in accommodation.
“depositional episode” where the maximum-flooding
surface marks a significant change in the distribution

lake level, and its correlative surface (i.e., the paleo-
of depocenters and sediment dispersal.

represents a specific sedimentary response to the
interaction between sediment flux, physiography,
shoreline transgression to shoreline regression.
lake floor at the end of transgression).

Groups of systems tracts bounded by maximum-flooding
surfaces; a genetic stratigraphic sequence records a

A linkage of contemporaneous depositional systems that
A stratigraphic surface that marks a maximum relative

A group of sedimentary bodies that share common facies
A stratigraphic surface that marks the change from

Component

Surface

Surface
Maximum Flooding

Sequence Stratigraphic
Architectural Elements
Maximum Regressive
Sequence (genetic)

Systems Tract
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A. Beds and Bedsets
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pebble or
cobble in F1

| bedding
plane

Facies 1
bedset

| 7 Facies 2
— bedset

Facies 1
bedset

Facies 2
bedset

bedset
bounding
surface

cuvilinear
set area

Fic. 5.—Hierarchy of sedimentary architectural elements of the Skrinkle Haven mbr referred to in this study, beds (first order), bedsets (second order), and curvilinear
sets (third order), using curvilinear set R as an example. A) Meter-scale example of how beds and bedsets of Facies 1 (FA1) and Facies 2 (FA2) appear in outcrop (Mastcam-Z Sol
739 8750). B) A wider-field-of-view version of Part A that illustrates how bedsets appear in outcrop at the 5-10 m scale. The inset shows the location of Part A in this image.
C) Bedsets and curvilinear sets annotated on a HiRISE basemap (Fergason et al. 2020) (Table S3). The images in Parts A and B show portions a Mastcam-Z 110 mm mosaic
acquired from the sol 736 parking location (Part C) between sols 736 and 739 during rover sequences zcam08745, zcam08746, zcam08747, zcam0848, zcam08749, and zcam08750.

This facies also contains trace quantities of granules, pebbles, and small
cobbles (Figs. SA, B, 7C). These outsized clasts are typically restricted to
individual beds, and the distribution of the beds containing outsized clasts
appear somewhat random (Fig. 7C). The distribution of the gravel-size
clasts also appear random—the clasts do not appear to occur preferentially
along bedding planes, near contacts with F2, or co-occur with a change in
average grain-size. Outsized clasts tend to be dark-gray or black with a
smooth, aphanitic texture, and have Mastcam-Z spectra consistent with
olivine and low-calcium pyroxene (Kildaras et al. 2024).

Facies 2 Description: Conglomerate.—F?2 is a dark-toned, recessively
weathering, pebble to cobble conglomerate (Figs. SA, B, 10; Table 3). The

recessive, crumbly, weathered appearance of this facies made rover observations
difficult. Coherent outcrops are rare, spatially limited, and generally of
poor quality.

Bedsets of this facies are often interstratified with F1 (Figs. SA, B, 10C).
Contacts between intervals of F1 and F2 have bedding dips of up to ~ 35°
(Figs. 5A, B, 9, 10). Lower and upper contacts with facies F1 are sharp and
parallel to F1 bed dips (Figs. 5A, B, 9, 10). Some lower contacts of this facies
with F1 have minor, mm- to cm-scale scour or erosion (Fig. 10A). Bedsets of
facies F2 range in thickness from ~ 0.2 m to ~ 10 m, with the most common
thicknesses being between 0.5 and 3.0 m (Figs. 5A, B, 6, 10).

Few sedimentary structures were discernible in facies F2, likely due to
poor outcrop quality (Fig. 10). Where outcrops are present, the facies appears
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FiG. 6.—Map of the Skrinkle Haven mbr showing bedset traces (narrow black lines) and curvilinear sets (white-bounded polygons) identified from a HiRISE basemap
(Fergason et al. 2020) (Table S3). The thick black lines show the transects along which the cross sections and Wheeler diagrams were constructed. The white, translucent
line is the Perseverance rover traverse, and the white dots along the traverse are rover parking locations, as in Figure 2. Lettered labels (A, AA, etc.) are the names of the
curvilinear sets. Shapefiles of the bedset traces and curvilinear set areas are available in Supplementary Materials (S5 and S6).

structureless to crudely stratified and ungraded (Figs. 5A, B, 10). Images of
small outcrops of F2 show that this facies is grain-supported with limited pore
space and composed predominantly of small pebbles (2-10 mm) with
common cobble- and small-boulder-size clasts (Fig. 10). The wide range of
grain-sizes in this facies and the apparent limited pore space in outcrops
suggest that this conglomerate is variably, but predominantly, poorly sorted.
Mastcam-Z and SuperCam observations show that this facies produces
spectra consistent with a mafic composition and Fe-bearing carbonate
(Dehouck et al. 2024; Nuiiez et al. 2024).

Facies Interpretations.—The consistency with which F1 and F2 were
deposited as conformable, generally steeply dipping strata suggests that
the facies share a common depositional setting and mechanism. The steep
dips of strata in the Skrinkle Haven mbr are likely depositional because
there is no evidence for large-scale deformation of sedimentary rocks in
the Jezero Crater western fan. The steep stratal dip angles in the Skrinkle
Haven mbr are in the range of the angle of repose (~ 25-45°) of noncohesive
sediments (e.g., van Burkalow 1945; Pohlman et al. 2006). The angle of

repose for noncohesive granular materials does not change meaningfully for
sand-size and larger particles if gravity is less than at Earth’s surface
(Kleinhans 2004; Nakashima et al. 2011; Elekes and Parteli 2021). Therefore,
Skrinkle Haven mbr strata with dips above ~ 25° were deposited at or just
under their angle of repose. In sedimentary systems, angle-of-repose deposition
occurs on oversteepened slopes where gravity drives sediment movement
independent of any fluid-induced stress (Allen 1970).

The dominance of dip-parallel, ungraded beds at or near the angle of
repose, and the decided absence of any other sedimentary structures,
suggests that the most likely depositional process for both Fland F2 is
mass transport via grain flows (Allen 1970; Middleton and Hampton 1973;
Talling et al. 2012; Shanmugam 2021). Grain flows may, but do not necessarily,
produce inverse grading depending on the effectiveness of kinetic sieving in a
particular flow (Kleinhans 2004). Grain-flow processes may have occurred
subaerially, as in the slip faces of aeolian dunes (Cornwall et al. 2018a, 2018b)
or subaqueously, as in the downstream accretion of fluvial bars (Kleinhans
2004; Herbert et al. 2020) and delta fronts (Nemec 1990; Long and Lowey
2006; Winsemann et al. 2021). Since both F1 and F2 include pebbles and
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Fic. 8.—Grain-size point counts of the Solitude Lake (Parts A—D) and Solva (Parts E-H) abrasion patches in Facies 1 (F1). A, E) show the images used for point
counting. The dotted black lines on the main images show the extent of the inset images. The Solitude Lake reference (Part A) was collected on Sol 782 and is a colorized
SHERLOC ACI mosaic (Solitude_Lake.PSC.0.0675) acquired at nighttime at a 4.8 cm standoff with white LED lights on. The mosaic was colorized using sol
782 daytime, fully shadowed SHERLOC WATSON images. The Solva reference image (Part E) was collected on sol 747 and is a colorized SHERLOC ACI mosaic
(Solva_747.PSC.0.0750) acquired at nighttime at a 4.8 cm standoff with white LED lights on. The mosaic was colorized using sol 747 daytime, fully shadowed SHERLOC

Downloaded from http://pubs.geoscienceworld.org/sepm/jsedres/article-pdf/95/6/1080/7559485/10.2110_jsr.2025.019.pdf by California Institute of Technology user on 11 February 2026



1094

LRW.IVES ET AL.

TABLE 3.—Lithofacies.

Weathered
Facies Geomorphic Sedimentary Depositional Process
Name Expression Grain Size Sorting Structures Diagenetic Effects Interpretation References
Fl1 Resistant Upper fine sand Moderate to Structureless, Fe-carbonate cement; ~ Grain flow (subaqueous)  Allen 1970; Talling
moderately well ungraded thin beds sulfate cement etal. 2012
and thick laminae
F2 Recessive Pebble conglomerate ~ Poor Structureless thin to Unknown, likely Grain flow (subaqueous)  Allen 1970; Talling

thick beds

poorly cemented etal. 2012

cobble-size clasts, which are unlikely to have been transported by Martian
winds (Preston et al. 2024), deposition of the Skrinkle Haven mbr is interpreted
to have occurred subaqueously.

If both facies F1 and F2 were deposited by the same process and in the
same setting, what is the depositional relationship between them? There
are no resolvable fining-up or coarsening-up trends within beds, bedsets,
or curvilinear sets observed in either facies F1 or F2. Additionally, while
alternations between F1 and F2 are common, the range of bedset thicknesses
(0.1-10 m) suggests that switching occurred frequently but without any
apparent regularity. Therefore, the sharp contacts between facies and the lack
of grading suggest that the deposition of the two facies did not occur as part
of the same depositional event, as might occur in hybrid event beds (e.g.,
Dodd et al. 2022). Instead, the differences between fine-sand-dominated and
pebble-dominated elements are likely to have been a function of discontinuous
sediment supply and/or irregular flood events. Alternatively, the variation in
grain-size could be related to the inherent “patchiness” of gravel-bed rivers,
where the coarser and finer components of the bedload naturally become
segregated (Paola and Seal 1995; Laronne et al. 2001), or result from the
grain-size segregation that can occur at a delta brink point, where sediments
of different grain-sizes fall out of suspension at different rates and therefore
distances downstream (e.g., Kleinhans 2005).

In summary, Skrinkle Haven mbr sediments were deposited as a series
of subaqueous grain flows initiated by oversteepened slopes. These slopes
were oversteepened by the delivery of sediment to relatively deep water
(a brink point) by fluvial transport. Therefore, the sedimentary bodies in
the Skrinkle Haven mbr most likely accumulated through downstream
accretion. Downstream-accreting grain flows can occur during the
building of:

® mid-channel or bank-attached fluvial bars (Bridge and Lunt 2006; Reesink
and Bridge 2011; Herbert et al. 2020; Korus et al. 2020),

* fluvial bars created during megaflood events (Baker and Bunker 1985;
Carling et al. 2016),

® delta mouth bars (van Yperen et al. 2020; Cole et al. 2021; Winsemann
etal. 2021), and

e delta foresets (Nemec 1990; Mortimer et al. 2005; Mikes and Geel 2006;
Gobo et al. 2015) (Fig. 11).

Though not conclusive, the lack of current-transport bedforms in the
Skrinkle Haven mbr, such as cross-stratification, makes a deltaic setting
overall more likely than a fluvial setting, because their absence implies that
these strata were not deposited as bar-top deposits, upstream accretion
surfaces, and/or lateral-accretion surfaces.

Sedimentary Architecture

The lithofacies interpretations lead to the hypotheses that the Skrinkle
Haven mbr was deposited as subaqueous grain flows that accreted downstream
in either fluvial bars, delta foresets, or delta mouth bars (Fig. 11). Differentiating
between a fluvial setting and a deltaic setting is important since those
scenarios have different implications for relative lake levels during
deposition and therefore different paleolacustrine histories of Jezero
Crater. We use a detailed characterization of sedimentary architecture,
including size, amplitude, dip direction, stacking pattern, and relative age, to
distinguish between fluvial bar, megaflood fluvial bar, delta mouth bar, and
delta foreset hypotheses (Fig. 11).

Observations of Architectural Elements.—The physical characteristics
of the curvilinear sets and their constituent bedsets in the Skrinkle
Haven mbr are variable (Fig. 12; Table S7). The amplitudes (apparent
heights) of curvilinear sets determined from the HiRISE DTM and in
cross section projections (Fig. 13) ranges from 0.73 m to 27 m with a
mean of 8.5 m (Fig. 12C). There is no clear relation between the
elevation of a curvilinear set and its other physical characteristics
(Fig. 12C). Curvilinear-set plan view areas range from 145 m? to 61576 m?
(Fig. 12D). There is a positive correlation between the apparent height
of curvilinear sets and their plan view area, with larger sets exhibiting
higher amplitudes (Fig. 12D). Although the modern surface erosion of
the Jezero Crater western fan features tens of meters of topographic
relief (Fig. 3B), which likely affects the relationship between apparent
height and plan-view area, the positive correlation between the area of
curvilinear sets and their amplitude across several orders of magnitude
indicates that larger surface areas of curvilinear sets do correspond to
larger amplitudes (Fig. 12D).

When aggregated, the mean dip direction of all measured bedset dips,
not grouped by curvilinear sets, is toward 165° (= 63°), which agrees with
the apparent accretion directions toward southeast in orbiter observations
(Fig. 12E). When dip directions are grouped by curvilinear sets (Fig. 12B-D),
curvilinear sets less than 10 m tall are responsible for most dip directions not
toward the southeast and sets greater than 10 m tall tend to show mean dip
directions clustered near the mean (Fig. 12B).

Most of the curvilinear sets (N = 83) show progradational stacking
patterns (Figs. 12, 13; Table S7). These progradational curvilinear sets are
more likely to have amplitudes > 10 m (Fig. 12). Sets with dominantly
aggradational stacking patterns are less common (N = 17), and are about
equally divided between those that are solely aggradational (N = 5) and
those that have minor progradational (N = 7) or retrogradational (N = 5)
components (Table S7). Aggradational stacking patterns are observed in

—

WATSON images. In both images, the tan cement is likely carbonate and the bright white cement is likely sulfate (Phua et al. 2024). B, F) show the point count
results. C, G) show traces made of clastic grains that were included in the point count. These traces were used to calculate the D, H) grain-size distributions. Like
any two-dimensional grain-size analysis, the average size of individual grains is likely underestimated.
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Fic. 9.—Continued.

C. Belva Crater North Wall
D. Belva Crater East Wall
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Fi. 10.—Images showing rare outcrops of Facies 2 (F2). A) Part of a 63 mm and 110 mm Mastcam-Z mosaic acquired on Sols 721, 727, and 729 (zcam08734,
zcam08736, and zcam08738) showing in situ Facies 2 strata overlying a sharp, lightly scoured lower contact with Facies 1. B) SuperCam RMI mosaic of a small Facies 2
outcrop acquired on sol 750 (scam01750, target: Pentre_Galar). C) Part of a 110 mm Mastcam-Z mosaic collected on sol 736 (zcam08744) showing a displaced block of
Facies 2. D) SuperCam RMI mosaic (scam01729, target: Poppit_Sands_729) acquired on sol 729 of Facies 2 interstratified with thinner intervals of Facies 1 in curvilinear
set W. The red arrows point to some possible in situ boulders. On the map thin black lines indicate visible bedding planes, translucent white areas show curvilinear set areas, bold
black text indicates curvilinear set names (GG, W, etc.), the black dot with a number shows the parking location from which the image was collected, and black lines indicating the
orientation and field of view of the image mosaic. The bedsets and curvilinear sets on this map are the same as in Figure 6 (Fergason et al. 2020) (Table S3).
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FiG. 12.—Physical attributes of curvilinear sets as derived from HiRISE image and elevation data (McEwen et al. 2007; Fergason et al. 2020) (Table 1; Table S3).
A) Map of the curvilinear sets, color-coded by their stacking pattern and types of lower bounding surface. Graphs comparing apparent heights of curvilinear sets
with their B) mean bedset dip directions, C) median elevations, and D) area. Dots are color-coded in the same way as in Part A. E) Rose diagram showing the

distribution of all measurements of bedset dip directions.

curvilinear sets of all amplitudes. Curvilinear sets with retrogradational
stacking patterns are the least common (N = 16), and most retro-
gradational curvilinear sets have an aggradational component (N = 12). All
retrogradational sets have apparent heights of < 8 m.

The relative stacking order of adjacent curvilinear sets was determined
using stratal relations in cross section (Fig. 13) constructed from orbital
image data with some input from rover images (e.g., Fig. 9) and
RIMFAX radargrams (Fig. 14). Erosional and non-erosional lower bounding
surfaces are present in curvilinear sets of all apparent amplitudes and stacking
patterns (Fig. 12).

Interpretations of Sedimentary Architecture.—There appear to be
two populations of curvilinear sets with distinct physical characteristics:
those > 10 m tall and those < 10 m tall.

Curvilinear sets whose amplitudes are greater than 10 m have
progradational stacking patterns and lower bounding surfaces that are
either non-erosional or erosional without change in stacking pattern
(Fig. 12). These characteristics suggest that the tall curvilinear sets are
delta foresets, with heights in the decameter range, “lakeward” bedset
dip directions (assuming a sand-dominated, low-cohesion, low-
rugosity delta; Caldwell and Edmonds (2014) and Burpee et al.
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FiG. 13.—Map views, cross sections, and the resulting Wheeler diagrams of the Skrinkle Haven mbr curvilinear sets from A) A-A’, B) B-B’, C-C’, and D-D’, C) E-E’
and E’- E”, and D) F-F’ and G-G’. The Wheeler diagrams are summarized and related to curvilinear-set attributes in Figure 15. Curvilinear sets are indicated by the set
name (A, AAA, AAAA, etc.) and the same color in the map views, cross sections, and Wheeler diagrams. Dashed lines on Wheeler diagrams show maximum-flooding
surfaces (MFSs) and maximum regressive surfaces (MRSs) interpreted from the composite Wheeler diagram in Figure 15. Dashed red boxes on the cross sections indicate
extent of outcrops shown in Figure 9. A shapefile of bedset traces is File S5, a shapefile of curvilinear set areas is File S6, and a table of curvilinear-set attributes is S7.

(2015)), non-erosional lower bounding surfaces, and principally prograding
stacking patterns.

Curvilinear sets with amplitudes less than ~ 10 m have much more diverse
characteristics, including retrogradational stacking patterns, a wider range of
mean dip directions, and lower bounding surfaces that are either erosional or
non-erosional but delineate changes in stacking patterns (Fig. 12). There is
sufficient diversity in these shorter curvilinear sets that they may represent
more than one type of architectural element (Figs. 11, 12). Shorter curvilinear
sets with progradational or aggradational stacking patterns and non-erosional
lower bounding surfaces could be delta mouth bars or small delta foresets.
Delta mouth bars will typically have heights up to ~ 10 m, dominantly
lakeward bedsets dip directions, non-erosional lower bounding surfaces
(possibly with minor scouring), and either progradational or aggradational
stacking patterns. Shorter sets with erosional lower bounding surfaces, and

especially those with retrogradational stacking patterns, are more likely
to have been deposited as fluvial bars. Rivers bars that form under
“megaflood” conditions are commonly ~ 10-20 m tall, have dip
directions that mirror the direction of water flow (can be variable), have
erosional lower bounding surfaces, and can have either progradational
or retrogradational stacking patterns depending on the channel flow
direction. Since these curvilinear sets are < 10 m tall, they are not likely
megaflood bars (Fig. 11). Downstream-accreting fluvial unit bars (that
are likely part of a larger compound bars) can have meter-scale heights,
dip directions that mirror the direction of water flow (can be variable),
and erosional lower bounding surfaces, and can have progradational,
retrogradational, or aggradational stacking patterns.

The nature of curvilinear stratal sets in the Skrinkle Haven mbr
suggests that the strata were deposited primarily as delta foresets but
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FiG. 13B.—Continued.

that delta mouth bars and/or (non-megaflood) fluvial bars may also be
present.

Sequence Stratigraphy of the Skrinkle Haven Mbr

The sequence stratigraphy of the Skrinkle Haven mbr was analyzed to
determine how its architectural elements (curvilinear sets) are related to
each other in time and space. Cross sections (Fig. 13), architectural element
geometries (Fig. 12), RIMFAX radargrams (Fig. 14), and rover images
(Fig. 9) were all incorporated into the interpretation of the relative ages of the
stacked curvilinear sets. Since the Skrinkle Haven mbr was most likely
deposited through downstream-accreting grain flows, we assume that the
bedsets in each curvilinear set young in the dip direction. To illustrate the
relationship between curvilinear sets in time and space, Wheeler diagrams
(Wheeler 1964; Qayyum et al. 2017) were constructed along each cross
section (Figs. 13, 15; Table S7). The duration of unitless time assigned to
each curvilinear set was selected purely to illustrate trends on the Wheeler
diagrams. While determining the relative ages of curvilinear sets in a single
cross section is a straightforward exercise, only a handful of curvilinear sets
serve as tie points between cross sections (Figs. 13, 15).

Description of Sequences.—Six sequences were defined using five
identified MFSs (Figs. 13, 15). Four of the six sequences have both regressive
and transgressive systems tracts (Fig. 15A).

Sequence A, the oldest in the Skrinkle Haven mbr, consists of a single
curvilinear set (RRR). This curvilinear set has an aggradational stacking
pattern and an apparent height of ~ 17 m. Its bedsets dip consistently
towards the southeast (Fig. 15). Whether this sequence is transgressive or
regressive cannot be determined because there is only one curvilinear set.
Sequence A is capped by maximum-flooding surface A (MFS-A; Figs. 13, 15).
MFS-A is most clearly illustrated in cross section A—A’ (Figs. 9C, 13A) and
C-C’ (Fig. 13B), where strata of Sequence B can be observed to downlap onto
Sequence A. MSF-A is associated with an ~ 25 m increase in minimum
relative lake level, as indicated by the maximum elevation of the curvilinear
sets on either side of the surface (Fig. 15).

Sequence B is a full regressive-transgressive sequence bounded by
MFS-A and MFS-B (Fig. 15A). This sequence contains the systems tracts
RST-1 and TST-1, which are separated by MRS-B (Fig. 15). RST-1 progrades
toward the south-southwest. The curvilinear sets in RST-1 decrease in
apparent height through time from ~ 20 m to ~ 2 m. The curvilinear sets in
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TST-1 overlie the RST-1 strata. The curvilinear sets in TST-1 have amplitudes
that are consistently 5 m or less, and have erosional lower bounding surfaces
(Figs. 13C, D, 15). The retrogradational character of the curvilinear sets in the
TST-1 systems tract is best illustrated in time step 5 of cross section E"—E"”
(Fig. 13C), cross section F—F’ (Fig. 13D), and cross section G-G’ (Fig. 13D).
Sequence B is overlain by MFS-B (Figs. 13, 15). MFS-B is most clearly
illustrated in cross section G-G’ (Fig. 13D), where the progradational
curvilinear sets of RST-2 (Sequence C) can be observed to downlap onto and
have erosional contacts with TST-1 sets. MFS-B is associated with an ~ 25 m
increase in relative lake level, as indicated minimum elevation of the

curvilinear sets in TST-1 and the maximum elevation of the curvilinear sets in
RST-2 (Fig. 15).

Sequence C is made up of two regressive systems tracts, RST-2 and
RST-3, and is bounded by MFS-B and MFS-C (Fig. 15A). Both RST-2
and RST-3 are composed of tall, wide, progradational curvilinear sets with
non-erosional lower bounding surfaces. RST-2 is best visualized in cross
sections E"—E"” (Fig. 13C) and F-F’ (Fig. 13D), and RST-3 in cross section
A-A’ (Fig. 13A). The switch from RST-2 to RST-3 is accompanied by a
change in depocenters from the south (RST-2) to the east (RST-3; Figs. 15, S9).
Like RST-1, the average and maximum elevation of curvilinear sets in RST-2
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and RST-3 decrease over time (Fig. 15B). In RST-2, this decrease in elevation is
accompanied by a decrease in curvilinear-set height from ~ 25 m to ~ 5 m,
while in RST-3 the height increases through time from ~ 5 m to ~ 20 m
(Figs. 15, 13A). Sequence C is overlain by MFS-C (Fig. 15). This surface is
illustrated most clearly in cross section B-B’ (Fig. 13B), where progradational
curvilinear sets in RST-4 can be observed to downlap onto RST-3. MFS-C is
associated with an ~ 5 m increase in minimum lake level (Fig. 15).

Sequence D consists of a regressive systems tract (RST-4) followed by a
transgressive systems tract (TST-4) and is bounded by MFS-C and MFS-D
(Fig. 15A). The apparent set heights of RST-4 increase through time from
1.5 m to ~ 9 m, while the average elevation decreases from —2455 m
to —2467 m (Fig. 15). The curvilinear sets of RST-4 are best visualized
in cross sections A—A’ (Fig. 13A) and B-B’ (Fig. 13B). The curvilinear

sets in TST-4 have retrogradational to aggradational stacking patterns,
erosional bases, are 1.5 to 6 m tall, and their average elevation ranges
from —2454 m to —2463 m (Fig. 15; Table S7). Sequence D is overlain
by MFS-D. MFS-D is illustrated most clearly in cross sections A-A’
(Fig. 13A) and B-B’ (Fig. 13B), where the progradational curvilinear
sets of RST-5 downlap and offlap strata in RST-4. MFS-D is associated
with an ~ 15 m increase in lake level, as indicated by the minimum
elevation of the curvilinear sets in TST-4 and maximum elevation of the
curvilinear sets in RST-5 (Fig. 15).

Sequence E includes systems tracts RST-5 and TST-5, and is bounded
by MFS-D and MFS-E. Curvilinear sets in RST-5 have apparent heights
between 10.5 and 21 m and mean elevations from —2454 m to —2468 m. There
are no clear temporal trends in the apparent heights of the curvilinear sets. The
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average elevations of the curvilinear sets in RST-5 do appear to decrease
through time, but this may be due to the significant modern topographic
drop that is present between the oldest and youngest sets of this interval
(Fig. 13A). TST-5 consists of a single, aggradational curvilinear set (HH)
that outcrops along cross section B-B’ and was imaged with RIMFAX
(Figs. 6, 13B, 14, 15). While the stratigraphic context of TST-5 (HH) is
somewhat ambiguous, HH acts as a cornerstone of the Skrinkle Haven mbr’s
relative stratigraphy because it overlies an erosional contact with systems tracts
RST4 and RST-5 and is overlain by strata in Sequence F (Fig. 13B). Sequence
E is overlain by MFS-E (Figs. 13, 15). MFS-E is most clearly illustrated in
cross section B-B’ and C—C’ (Fig. 13B) where systems tract RST-6 overlie the
strata of Sequence E. MFS-E is associated with an ~ 20 m increase in
minimum lake level (Fig. 15B).

Sequence F is composed of system tracts RST-6 and TST-6 (Fig. 15).
The base of Sequence F is bounded by MFS-E, and the top of constrained by the
modern erosional surface. This is the youngest sequence, has the most diverse
array of curvilinear set characteristics, and is also unique from the preceding
sequences in that the average elevation of these sets remains relatively constant
while the apparent heights of the sets decrease through time (Fig. 15). The strata
of this sequence are best visualized in cross sections B-B’, C-C’, and D-D’
(Fig. 13B). The apparent height of curvilinear sets in RST-6 decreases from 11—
13 m in the older sets to 1-1.5 m in the youngest sets (Fig. 13B). Regardless of
height, the mean elevations of curvilinear sets in RST-6 range from —2450 m
to —2455 m. RST-6 includes several small curvilinear sets with aggrading or
retrograding stacking trends and erosional lower bounding surfaces (Figs. 15,
13B). In TST-6, curvilinear sets generally separated by erosional lower
bounding surfaces, may have aggradational, progradation, or retrogradational
stacking patterns, and are all < 10 m tall (Figs. 15, 13B).

Summary and Interpretation of Sequence Stratigraphy.—The
oldest parts of the Skrinkle Haven mbr (Sequences A, B, and C) are composed
primarily of tall (> 10 m), progradational curvilinear sets that are most
likely deltaic foresets (Fig. 15). The amplitude (apparent height) of
curvilinear sets in these sequences decreases through time, but they retain
progradational stacking patterns and non-erosional bases, indicating
that they are likely delta foresets. Some curvilinear sets that could
represent fluvial deposition are present in TST-1 (Fig. 15). Next, in
Sequences D and E, deltaic curvilinear sets continued to prograde over
the area, but their size and growth appear constrained by the antecedent
topography created by the preceding delta lobes, which lead to more
avulsion and compensational stacking. The youngest strata of the Skrinkle
Haven mbr are in Sequence F. Deposition of Sequence F began with
prograding delta foresets and possibly delta mouth bars (RST-6) before
transitioning into smaller, shorter, retrogradational, amalgamated curvilinear
sets that are likely fluvial (TST-6).

Variation in relative lake levels of Jezero Crater through time can be
inferred for the Skrinkle Haven mbr using the minimum and maximum
elevation of curvilinear sets and their interpretation as either deltaic or fluvial.
For curvilinear sets interpreted as deltaic (Fig. 15B), their maximum elevation
is indicative of a minimum relative lake level. For curvilinear sets interpreted
as possible fluvial bars, the maximum relative lake level is interpreted to
be ~ 10 m higher than their lowest point (P10, Fig. 15). This interpretation is
based on the following assumptions:

1. that the minimum elevation (P10) of fluvial bars marks the maximum
base level of the possible river flowing into Jezero Crater lake at the
time of their deposition (Fig. 15).

2. Since no alluvial plain is preserved, we assume that these fluvial
strata were deposited very near the river’s mouth—that is, in the back-
water zone—where a river’s base level is below the local lake or sea
level (e.g., Nittrouer et al. 2012).

LRW.IVES ET AL.

3. The observations from this study provide information that is insufficient
to calculate river characteristics in this backwater zone (e.g., van Yperen
et al. 2024).

However, since all possible fluvial bars in the Skrinkle Haven mbr are
< 10 m tall we assumed that 10 m is approximately the maximum channel
depth, and therefore that maximum relative lake level is ~ 10 m higher than
river base level.

Based on those interpretations, relative lake levels appear to have ranged
from —2415 m at the highest to —2465 m at the lowest during the deposition
of the Skrinkle Haven mbr (Fig. 15B). There is an overall decreasing relative-
lake-level trend from the oldest to the youngest sequences, and decreases
through time during most sequences. The magnitude of apparent relative-
lake-level rises associated with the maximum-flooding surfaces also appears
to decrease through time, from ~ 30 m during MFS-A and MFS-B to ~ 15 m
during MFS-D and MFS-E.

A decrease in relative lake level through time is present in most sequences,
suggesting that the Skrinkle Haven mbr was deposited primarily during
forced regressions. While the maximum elevation of deltaic strata constrains
only minimum lake elevation, and cannot alone show lake-level decrease
through time, the additional constraint of maximum lake level interpreted
from the erosional lower bounding surface of fluvial curvilinear sets does
allow the interpretation of falling lake levels during Sequences B, D, and F
(Fig. 15). The interpretation of forced regression during Sequences A, C, and
E cannot be made as confidently, since those sequences do not contain
possible fluvial strata (Fig. 15B). Additionally, the Skrinkle Haven mbr has
many of the characteristics of forced-regressive deposits (Posamentier and
Morris 2000), including the presence of deposits of sharp-based delta front
(Figs. 9, 13), the presence of progressively shallower clinoforms from
proximal to distal positions (e.g., Sequence F), and the absence of correlative
fluvial strata capping proximal regressive deposits (Figs. 13, 15).

The sequence stratigraphy of the Skrinkle Haven mbr suggests that
variability in the physical characteristics of the curvilinear sets occurred in
response to variations in accommodation, which, along with sediment supply,
ultimately drove whether deposition of the curvilinear sets as either delta
forests, delta mouth bars, and fluvial bars. Accommodation in the Jezero Crater
lake basin can be considered entirely a consequence of relative-lake-level
fluctuations and sediment input because Mars lacks the mechanisms for
tectonic subsidence and any subsidence of the Jezero Crater basin due to
deposition of the 200-m-thick Jezero Crater western fan is likely negligible.
Accommodation is inferred to have changed through time due to a
combination of change in relative lake level on the order of tens of meters
with concomitant filling of accommodation at the shoreline by a prograding
delta system. The tallest apparent height of a deltaic curvilinear set is 27 m in
RST-1, indicating that water in that location was at least 27 m deep during
deposition. Sediment filling of antecedent topography is demonstrated by the
downlapping relationships between sequences of the Skrinkle Haven mbr
(Fig. 13). Additionally, the regressive systems tracts of Sequence C illustrate
how the height of deltaic foresets of the Skrinkle Haven member are
responding to decrease in accommodation due to sediment supply. The
different accretion directions of systems tracts RST-2 (south-southwest) and
RST-3 (southeast) indicate that these intervals were deposited as different
depocenters or delta lobes. Since the lake-level elevation does not appear to
change significantly between the end of RST-2 and the beginning of RST-3
(Fig. 15), this change in depocenter location is likely due to avulsion and
indicates that compositional stacking was sometimes the driver of lobe
switching.

DISCUSSION

The Skrinkle Haven mbr of the Tenby fm is composed of planar-bedded,
steeply dipping sandstones and conglomerates that were likely deposited as
subaqueous grain flows. The contacts between sandstone and conglomerate
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lithologies are sharp (nongradational). Beds and bedsets of the Skrinkle
Haven mbr are organized into curvilinear sets—stratigraphic architectural
elements in which the planes of the constituent bedsets are parallel to one
another. The sedimentary architecture of these curvilinear sets suggests that
they were deposited as deltaic foresets, delta mouth bars, and fluvial bars.
The foresets, mouth bars, and fluvial bars were deposited as delta lobes that
prograded toward the southeast into lake waters that were, at their deepest, at
least 27 m deep. The sequence stratigraphy of this delta system suggests that
lake level fluctuated on the order of tens of meters during the deposition of
the Skrinkle Haven mbr. There also appear to be times when lake level was
relatively stable compared to sediment input rates, resulting in avulsion and
compensational stacking of delta lobes (Sequence C).

Comparison with Other Rover-Characterized Deltaic Strata
in Jezero Crater

The Skrinkle Haven mbr is not the only deltaic sedimentary succession
present in the Jezero Crater western fan. Other parts of the Tenby fm
(Fig. 3) near the southern edge of the fan (Mangold et al. 2021, 2024),
outcrops at the Kodiak Butte outlier (Mangold et al. 2021; Caravaca et al.
2024), and the Rockytop mbr (Stack et al. 2024) have also been interpreted
from rover observations to be deltaic. However, the deltaic strata described by
Mangold et al. (2024) and Caravaca et al. (2024) differ meaningfully from the
Skrinkle Haven mbr in two ways that emphasize some idiosyncratic
characteristics of the Skrinkle Haven mbr’s sedimentology and stratigraphy.
First, the Kodiak Butte and fan-front deltaic strata have a classic Gilbert-type
stratigraphy, complete with topsets, foresets, and bottom sets. This contrasts
with the Skrinkle Haven mbr, which has a much less ordered stratigraphy.
Specifically, the Skrinkle Haven mbr does not have consistently preserved
fluvial strata (topsets), which limits our ability to understand how sediment
was delivered to the delta slope. This dearth of topsets is, however, consistent
with steep, subaqueous, coarse-grained deltas deposited in relatively deep
water (Nemec 1990) and with the diagnostic criteria for forced regressions
(Posamentier and Morris 2000). The possibility exists that the cross-bedded
gravels of the Carew Castle mbr (Fig. 3) are preserved topsets, but their
stratigraphic relationship to the Skrinkle Haven mbr is unclear since the
contact between the two formations is obscured by talus and regolith. Second,
the Kodiak Butte and fan-front deltaic strata are composed of sandstones and
conglomerates, like the Skrinkle Haven mbr, but do not exhibit such a stark
contrast in grain-size distribution between bedsets, a consistent feature of the
Skrinkle Haven mbr. The stark contrast in grain-size between F1 and
F2 in the Skrinkle Haven mbr could have several causes (see Lithofacies
Interpretations), but regardless of the driver the same does not appear to
influence deposition in the Kodiak Butte or fan-front deltaic strata.

These contrasts suggest that not all of the deltaic strata in the Jezero
Crater western fan were deposited under the same conditions, and that these
differences were likely driven by both lake-level variability (as indicated by
the stratigraphy) and differences in watershed dynamics (as indicated by the
lithofacies).

Comparison with Pre-Landing Hypotheses

Before the investigation of these strata by the Perseverance rover,
analysis of orbiter data had led to the following interpretations: that a) the
Jezero Crater western fan was deposited as a delta, and b) that the
curvilinear unit (Skrinkle Haven mbr) represents topsets of this delta
deposited as laterally accreting bars in a sinuous river channel in muddy
floodplains rich with detrital clay (Ehlmann et al. 2008; Schon et al. 2012;
Goudge et al. 2015, 2017, 2018). These hypotheses were largely supported
by observations of Fe-Mg smectite (clay) minerals in Mars Reconnaissance
Orbiter data (Table 1) and the interpretations of curvilinear geometries as
scroll bars in a meandering fluvial system. The interpretation of the Skrinkle
Haven mbr outlined in this paper also calls for deltaic and fluvial deposition,
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but of a character that is very different from that of the meandering channels
in a mud-rich floodplain topping a delta prograding into a gradually rising
lake conceptualized before Perseverance’s exploration on the surface in
Jezero Crater (Schon et al. 2012; Goudge et al. 2018; Lapdtre and Ielpi
2020). The clay minerals detected from orbit in this unit do not appear to
have been deposited as clay-size detrital grains, but instead are weathering
products associated with larger detrital grains.

We conclude here that the depositional process (grain flow) required to
explain the lithofacies of the Skrinkle Haven mbr, and the sequence
stratigraphy of the member, cannot be explained as laterally accreting
point bars. Rather, we favor an interpretation of the Skrinkle Haven mbr as a
sequence of delta foresets and mouth bars, with intervals of fluvial deposition,
deposited preferentially during forced regressions under decameter-scale
variations in lake level.

Though both the orbiter- and rover-derived hypotheses for the origin of
the Skrinkle Haven mbr call for a deltaic interpretation, the character of the
invoked deltas differ in key ways. One difference between the interpretations
is how the clay minerals (Fe-Mg smectites) fit into the depositional system,
which is important to consider because the presence of clay informs
interpretations of the paleohydrology of the watershed and the potential
habitability of Jezero Crater western fan (Bosak et al. 2021). In the orbiter
hypothesis, these clays are part of a muddy delta plain. Such a delta plain
suggests that the river had a relatively low gradient (0.0001-0.01%; Orton
and Reading 1993) and that the clay was deposited through suspension from
settling in overbank deposits. Such a relatively calm and wet environment of a
muddy, flooded delta plain has a high potential for habitability and for
biosignature preservation (Summons et al. 2011; Mangold et al. 2020). In
contrast, a coarse-grained delta with few to no preserved muddy intervals
(like the delta described in this work) has poor biosignature-preservation
potential due to its lack of deposited fine-grained sediments. Delta plains fed
by coarse-grained rivers typically have relatively steep gradients of 0.05—
0.5% (Orton and Reading 1993), which is more similar to the 0.7-1.7%
gradient calculated for the modern Neretva Vallis channel (Mangold et al.
2020). The orbiter interpretation of the Skrinkle Haven mbr as fluvial topsets led
to the interpretation that the Jezero western fan was deposited during a period of
lake-level rise, resulting in shoreline transgression (Goudge et al. 2018). This
interpretation is more-or-less the opposite of the findings of the sequence
stratigraphic analysis presented in this paper, where shoreline regression and
relative-lake-level falls appear to have strongly influenced depositional
patterns.

Therefore, though both orbiter and rover observations resulted in deltaic
interpretations of the Skrinkle Haven mbr, the two interpretations have
very different implications for biosignature preservation and paleolacustrine
history of Jezero Crater.

Paleohydrology of the Jezero Crater Lake System

The sequence stratigraphy of the Skrinkle Haven mbr can be used to
constrain lake level in Jezero Crater through time (Fig. 15). Based on the
interpretations presented in this work, the highest minimum relative lake
level is —2415 m, and the lowest is —2465 m. This difference in lake level
and the patterns in the sequence stratigraphy suggest that the lake level in
Jezero fluctuated by at least 40—50 m during the deposition of the Skrinkle
Haven mbr, with a preference for deposition during intervals of lake-level
fall (Fig. 15). The modern elevation of the Jezero Crater lake basin’s
spillpoint through the Pliva Vallis bedrock channel is around —2400 m (Schon
et al. 2012; Goudge et al. 2015). Therefore, the Skrinkle Haven mbr was
likely deposited when the Jezero Crater lake was a closed basin. Since the top
of deltaic curvilinear sets indicate only the minimum lake level at the time of
deposition, there is a possibility that the lake was at or above the —2400 m
elevation of the Pliva Vallis outlet.

The history of lake levels in Jezero Crater during the deposition of the
western fan can be reconstructed when lake-level interpretations in this
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study are combined with those from the fan front (Mangold et al. 2021,
2024; Stack et al. 2024), outcrops at the Kodiak Butte outlier (Mangold
et al. 2021; Caravaca et al. 2024), and the underlying Shenandoah fm
(Stack et al. 2024). First, the lower Shenandoah fm was deposited as a distal
alluvial fan with some standing water in overbank settings, indicating that
relative lake levels in Jezero Crater did not exceed —2540 m (Stack et al.
2024). The upper Shenandoah fm is composed of fine-grained, laminated
lacustrine sediments that indicate that lake levels subsequently rose to at least
—2510 m (Stack et al. 2024). As lake levels rose, the Tenby fm and other
deltaic strata, like Kodiak Butte, were deposited (Mangold et al. 2021;
Caravaca et al. 2024; Stack et al. 2024). During the deposition of these
fluvial-deltaic systems, lake levels ranged from —2490 m at Kodiak Butte to
at least —2415 m in the Skrinkle Haven mbr.

Ultimately, rover observations of stratigraphy and interpretation of lake
levels in the Skrinkle Haven mbr partially agree with the interpretation
made by Goudge et al. (2018) that the deltaic strata of the Jezero Crater
western fan were deposited during a gradual transgression. Broadly, the
Tenby fm was deposited by the progradation of fluvial-deltaic strata into a
lake in Jezero Crater following a significant transgression whose onset was
recorded by the upper Shenandoah fm. However, the decameter fluctuations
in lake levels recorded in the stratigraphy of the Skrinkle Haven mbr do not
seem to reflect a steady lake level or transgression. Instead, the Skrinkle
Haven mbr invokes a picture of episodic deposition during decameter-scale
lake-level falls punctuated by lake-level rises of equal or greater magnitude.
Within these lake-level fluctuations, there were intervals where lake levels
were sufficiently stable relative to sediment input such that compensational
stacking occurred (Sequence C). Notably, most of these lake-level fluctuations
occurred below —2400 m and therefore are unlikely related to the breach of
Jezero Crater via the Pliva Vallis outlet. Therefore, the apparent dynamic lake
levels in Jezero Crater during the deposition of the Skrinkle Haven mbr were
likely due to closed-lake-basin processes.

Future Work

The architectural-element and sequence-stratigraphic observations and
interpretations made in this work were derived from orbiter data. Such
orbiter data are also available for the northern exposure of curvilinear
strata (likely Skrinkle Haven mbr) in the Jezero Crater western fan (Fig. 1D).
A similar analysis conducted on the northern exposure of curvilinear strata
could be used to test the findings of this study and possibly extend our
understanding of how lake-level fluctuations influenced the deposition of the
Skrinkle Haven mbr.

The depositional interpretations presented in this work are strongly
informed by the fact that no current-transport bedforms were observed in
the Skrinkle Haven mbr. If Perseverance returns to the Jezero Crater western
fan, the assumption that all the Skrinkle Haven mbr strata were deposited
through grain flow could be tested by looking for current-transport bedforms
in outcrops not previously imaged by the rover. If current-transport bedforms
were identified, then the sedimentary architecture and sequence stratigraphy
interpretations in this paper could be improved. Of particular interest would
be curvilinear sets identified as potentially fluvial (retrogradational stacking
trends and erosional bases; Figs. 12, 15), since fluvial strata would have the
highest potential for producing current-transport bedforms. Additionally,
rover-proximal observations of any competent F2 outcrops would allow
refinement of the depositional model for that facies by supplying detailed
information on grain-size distribution and grain composition.

Future laboratory measurements of the Melyn sample could test the
depositional model proposed here, if the sample is returned to Earth for
study as part of the Mars Sample Return mission (Weiss et al. 2024; Herd
et al. 2025). The grain-size distribution of facies F1 can be assessed more
precisely. A detrital versus authigenic origin of phyllosilicates and other
alteration minerals can be established using relationships observed with
microscopy and measurements comparing their magnetization directions
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with that of unaltered materials. The relative depositional ages of curvilinear sets
can be bounded using radioisotope measurements of cements and detrital grains.
Analysis of the cements would allow insights into past aqueous conditions before
and following deposition, including dissolution of the protolith, cementation, the
chemistry of the fluid, and, ultimately, the habitability of Jezero lake.

CONCLUSIONS

® The Skrinkle Haven mbr of the Tenby fm is a clastic sedimentary unit
in the Jezero Crater western fan, Mars. It is composed of two distinct
lithofacies, a fine-grained sandstone and a pebble conglomerate. These
facies are interstratified, and contacts between them are sharp. Both
lithofacies were deposited through grain flow as downstream-accreting
delta foresets, delta mouth bars, and fluvial bars.

® The sequence stratigraphy of the Skrinkle Haven mbr suggests that
these strata accumulated as prograding delta lobes during normal and
forced regressions with some possible fluvial deposition during trans-
gressions and some lowstands.

®  Water levels in Jezero Crater likely fluctuated on the order of tens of
meters during the deposition of the Skrinkle Haven mbr, from around
—2465 m and —2415 m. Most of these lake-level fluctuations occurred
below —2400 m and therefore are unlikely to have been related to the
breach of Jezero Crater via the Pliva Vallis outlet, suggesting that the
Skrinkle Haven mbr was deposited in a closed lake system.

® The differences between the Skrinkle Haven mbr fluvial-deltaic strata
and fluvial—deltaic strata in other parts of the Jezero Crater western fan
suggest variability in lake level and watershed dynamics during the
deposition of the fan.
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