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A B S T R A C T

The interiors and exteriors of the >25 km diameter Batson, Nako, Salkhad, and Jori craters (and McCauley crater
to a lesser degree) on the northeastern rim of Hellas basin, Mars, were extensively modified by glacio-fluvial and
glacio-lacustrine activity during the Middle and Late Amazonian, from some time before 1.4 Ga to the present as
revealed by CTX, HiRISE, and CaSSIS observations. This work presents extensive descriptions and discussions of
individual candidate glacial and glaciofluvial landforms associated with cratered landscapes, as well as their
spatial association. We also present absolute age dates and a relative sequence of events, followed by a possible
environmental reconstruction, involving a regional ice cover, subglacial meltwater, and ice-covered lakes. On
crater interiors, inferred glacial modification included dissection of interior rims, emplacement of depositional
aprons with basinward scarps, remnant glaciers and associated fresh shallow valleys, supraglacial debris, and
candidate moraines. On crater exterior rims and on the plateaus surrounding Batson crater we describe moderate
incision and sedimentation, subglacial meltwater runoff through Navua A Valles, candidate eskers, valleys
discordant with topography but concordant with inferred ice flow direction, and hummocky material, among
others. Wet-based glaciation and subglacial runoff may have been favored due to a locally enhanced geothermal
heating or strain heating on steep crater slopes. This work presents a comprehensive and detailed character-
ization of landforms interpreted as glacial in origin, which could be used to guide identifications of glacial
landforms in other cratered regions of Mars.

1. Introduction

The importance of ice in sculpting the surface of Mars remains un-
certain. For early Mars, before about 3.6 Ga from present, current
opinions about processes that degraded craters and created the equa-
torial valley networks range from relatively warm and wet conditions
supporting runoff from rain or seasonal snows (Craddock and Howard,
2002; Howard, 2007; Ramirez and Craddock, 2018; Ramirez et al.,
2020) to colder conditions with a thick ice cover of the highlands and
occasional supraglacial melting (Wordsworth et al., 2013; Head and
Marchant, 2014; Wordsworth, 2016). One intermediate case suggests
basal melting of equatorial ice contributing to the formation of some
valley networks (Grau Galofre et al., 2020).

For the Hesperian (~3.7-3.0 Ga) and Amazonian (~3.0 Ga-present)
periods, the role of snow and ice is somewhat clearer. In the equatorial
highlands scattered alluvial fans are likely sourced from meltwater from
snow and ice accumulating on crater walls, with attendant incision of
headwater valleys on crater walls and tectonic scarps (Moore and
Howard, 2005; Williams et al., 2006; Kraal et al., 2008; Williams et al.,
2011; Grant and Wilson, 2011, 2012, 2019; Morgan et al., 2014, 2022;
Palucis et al., 2014; Wilson et al., 2021). In the mid-latitudes poleward
from 25◦N/S ice deposits and evidence of glacial flow include lobate
debris aprons, lineated valley fills, concentric crater fills, and younger
glacial-like forms (e.g., Baker et al., 2010; Levy et al., 2010, 2014, 2021;
Dickson et al., 2012; Fastook and Head, 2014; Baker and Carter, 2019;
Brough et al., 2019). A mantle deposit rich in water ice covers most of
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the mid to high-latitude region (Soderblom et al., 1973; Mustard et al.,
2001; Kreslavsky and Head, 2002b; Conway and Balme, 2014). Melting
of seasonal or glacial ice is hypothesized to have created local incision of
fresh, shallow valleys, or FSVs in the latitude range of 35-50◦N/S
(Fassett et al., 2010; Howard and Moore, 2011; Hobley et al., 2014;
Wilson et al., 2016). Poleward of 50◦N/S ice deeply fills most craters,
and scarps locally expose>100m thick layers of nearly pure ice (Dundas
et al., 2018, 2021).
The degree to which the abundant ice present in the mid-latitudes

actively modified the cratered landscape is less clear, in part because
the ice and dust mantle obscures the underlying substrate (Head et al.,
2003; Gallagher et al., 2021). Current martian ice deposits are frozen to
the ground (cold-based). These types of glaciers leave only very subtle
erosive landscape imprints on Earth, if any (Atkins, 2013), which could
be easily obscured by degradation or mantling on Mars. Small terminal
“drop” moraines form in such glaciers if ice flow and landscape geom-
etry enable supra- or englacial deposition and transport of sediment (e.
g., Head and Marchant, 2003). Contrarily, warm-based or polythermal
glaciation (basal meltwater is present at least sporadically) can produce
dramatic landforms such as large moraines or glacial grooves on Earth,
which remain largely elusive onMars (Kargel et al., 1995; Johnson et al.,
2019; Grau Galofre et al., 2022). The interplay of low gravity glacial
dynamics, widely varying ice distribution due to orbital forcing, and
long timespans, raises the question as to what landforms are distinctive
of glacial sculpture on Mars, and hence what was the role and degree of
glacial erosion in shaping the cratered landscapes of Mars throughout its
history.
The efficacy of ice and glacial deposits to have modified crater in-

teriors and exteriors on Mars is limited by the lower martian gravity,
even in the presence of basal melt. Glacial hydrology theory applied to
Mars (Grau Galofre et al., 2022) finds that basal frictional scour by
sliding ice would be reduced by a factor of at least ~20 relative to
terrestrial glaciers and ice sheets, but subglacial channelized drainage
would be enhanced relative to Earth. Both the recent obscuration of the
surface by martian mid-latitude ice and differences in ice accumulation
and resurfacing dynamics on Mars relative to Earth limit our ability to
assess what surface morphologies would be expected on martian land-
scapes based on morphology comparisons alone. The near-surface water
inventory of Mars has been gradually diminishing over the Hesperian
and Amazonian (Carr and Head, 2015). Substantially greater ice cover
also existed in the lower mid-latitudes in the past, for example by
findings of buried mid-latitude ice sheets (e.g., Bramson et al., 2015;
Stuurman et al., 2016).
This paper discusses possible glacial and subglacial surface modifi-

cation in a region of the northeastern slopes of the Hellas basin (29◦S,
83◦E, shown in Fig. 1), and describes a suite of candidate glacial land-
forms that may be of use for identifying sculpture by warm-based
martian glaciation elsewhere. The region contains five contiguous cra-
ters >25 km diameter (McCauley, Jori, Batson, Nako and Salkhad,
Fig. 1), which impacted into a ~150 km broad ridge projecting SSE into
the Hellas depression. Several glaciers presently occupy deep valleys on
the interior crater rims of Batson and Nako craters. Through geomorphic
mapping and detailed study of relict landforms, we hypothesize that
much more extensive ice covered much of the interior and exterior
slopes of these craters during the Amazonian period. Candidate glacial
landforms include broad, shallow grooves by sliding ice or basal runoff
on steep slopes, terminal, and lateral moraines, whereas inferred sub-
glaciofluvial landforms include crater floor benches and possible ele-
ments of the subglacial drainage system such as eskers, tunnel valleys,
and hummocky corridors.

1.1. Background

The northeastern slope of the Hellas basin has experienced extensive
Hesperian and Amazonian runoff, in particular through the Navua A
Valles (Hargitai et al., 2017a, 2018a, 2018b) that forms the southern

boundary of the mapped region. Hargitai et al. (2018b) identified lakes,
perhaps ice covered, occupying the lower floor of all of the craters
studied here as evidenced by deltaic deposits or possible shorelines.
Crater counts by Hargitai et al. (2018b) of mapped former lake extents
yielded ages ranging from 410 ma to 3.9 Ga, suggesting a long-lived
history of lacustrine activity. Several of the interpreted lake ages clus-
ter at ~1 Ga. Most of the study region was geologically mapped at a scale
of 1:1 million by Hargitai et al. (2018a) and the fluvial and lacustrine
history of the region has been interpreted by Crown et al. (2005), Mest
et al. (2010) and Hargitai et al. (2017a, 2017b, 2018b). Zhang et al.
(2023) interpreted fan forms with terminal scarps in Batson, Jori, and
Nako craters as being deltaic deposits. We adopt the general term
“depositional apron” for these and related features. Exposures of light-
toned deposits widespread within the mapped region (Howard et al.,
2021) (e.g. Fig. S17) are interpreted to be Early to Mid-Amazonian
airfall deposits. This light-toned deposit serves as a stratigraphic marker.
Mest et al. (2010) mapped an extensive, integrated drainage system

northeast of the Batson crater region shown in Fig. 1, including Vichada
Valles draining southwestward towards Batson crater, which they sug-
gest is of Noachian age. This drainage likely formerly connected to the
early Navua A Vallis system but became disconnected due to the Batson
crater impact as well as ejecta from a 27.6 km crater at 86.1◦E, 27.4◦S
and possibly by distal ejecta from the more distant 70 km Isil crater
(87.9◦E, 27.0◦S). This drainage system appears to have been inactive
subsequent to the Batson crater impact. The Navua A Vallis, which has
been active during the Amazonian, presently heads southwest of Batson

Fig. 1. Location map of study region showing named craters and extent of
geomorphic mapping (white boundary). Unless otherwise noted, north is to the
top in all figures. The “*” at 83◦E, 29◦S shows the regional location, and the
inset shows the setting relative to the global topography (scale from 21,000 m
to -8,000). Image and elevations sources for all figures are listed in supple-
mentary figures, table S1. Context for all figures discussed is shown in Fig. 2.

A. Grau Galofre et al.
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crater (Fig. 1).
Hargitai and Gulick (2017) and Hargitai et al. (2018a, 2018b)

discuss knobby terrain in Navua A Valles and in upland depressions in
the Batson crater region, interpreting them to have formed after channel
activity and to have possibly formed as till blocks, uncollapsed pingos,
spring mounds, or exposed subsurface indurated material. These are
mapped and discussed as glaciofluvial material in this paper.
Climate modeling by Wordsworth et al. (2013), Turbet et al. (2017),

and Forget et al. (2006) suggest that the region northeast of the Hellas
basin acts as a cold trap for water ice at high to moderate planetary spin
axis obliquity configurations, concluding that this zone has been
particularly prone to glaciation even across much of Mars’ history.
Forget et al. (2006) conclude that Amazonian net ice accumulation rates
in this region were as high as ~100 mm/yr, rapidly deposited following
summer solstice sublimation of the southern polar ice cap and north-
ward transport of large amounts of water vapor forced by the deep
Hellas basin. There is plenty of evidence for extant ice deposits ranging
in age from ~1 Gyr to ~ 10 Myr, and multiple examples of LDAs, VFFs,
and CCFs, as well as more recent GLF throughout the region (e.g.,
Kostama et al., 2010), with a peak density located around 40◦S and
100◦E, east and southwards from our region of interest. Hellas basin
itself may have hosted ice-covered lakes (Moore and Wilhelms, 2001;

Wilson et al., 2010).
The high concentration of extant ice deposits within the eastern

Hellas basin as well as climate modeling suggesting past episodes of
regional ice accumulation directed our attention to the site of the pre-
sent study. The focus of this work is on identifying landforms and de-
posits that are indicative of former glaciation, in both the interior and
exterior of craters, and use these to infer the paleoenvironmental char-
acteristics of the region, while providing with descriptions useful to
identify these landforms and landform associations elsewhere on Mars.
Interpretive sections are included for each landform type and clearly
designated. Short interpretive sections within paragraphs are denoted
by “Interpretation:” and apply only to subject material in the paragraph.
Longer interpretive sections start with a paragraph starting with
“Interpretation:” and pertain to the end of the numbered section.
Figures in the Supplementary Figures document are designated with an
“S” prefix.

1.2. Data and methods

A database of imaging, thermal, and topographic data covering the
region was assembled using ArcMap 10.8. This included 100 m/pixel
Thermal Emission Imaging System (THEMIS) (Christensen et al., 2004)

Fig. 2. Location map with context for figures. north is up, figure extent is 31◦S, 82.1◦E (bottom left) to 27.5◦S, 85.3◦E (top right). Scale bar is 40 km. Small-area
figures are indicated by “#”.

A. Grau Galofre et al.
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day and night IR global mosaics (Edwards et al., 2011), the 200 m/pixel
HRSC and MOLA Blended DTM (Fergason et al., 2018), available 6 m/
pixel Context Camera (CTX) (Malin et al., 2007) imaging as both indi-
vidual images and the mosaicked Murray Laboratory global CTX V01
mosaic (Dickson et al., 2018), which is used as the default image base in
illustrations, available Color and Stereo Surface Imaging System
(CaSSIS) imaging at 4.6 m/pixel (Thomas et al., 2017), and available
High Resolution Imaging Science Experiment (HiRISE) imaging at 0.25
and 0.5 m/pixel resolution (McEwen et al., 2007). We also incorporated
HiRISE team-produced digital terrain model (DTM) products and stereo
anaglyphs, CTX stereo DTMs produced through the MarsSI website
(Quantin-Nataf et al., 2018), High Resolution Stereo Camera (HRSC)
digital terrain maps (Jaumann et al., 2007; Gwinner et al., 2009), and
THEMIS-based thermal inertia mapping (Fergason et al., 2006; Chris-
tensen et al., 2013). Topography shown in figures uses a mosaic of
available DTM data, with priority increasing through MOLA, HRSC, and
CTX DTMs. In addition, we used the ArcGIS 3D Analyst extension to
construct topographic profiles from the DTM datasets and we inter-
preted the landforms and geomorphic history of the region through
systematic mapping using ArcGIS. The source image and elevation data
for all figures are presented in Supplementary Figures, Table S1,
whereas Fig. 2 shows the map context of all figures in the text. In all
figures, north is up unless indicated otherwise. When high resolution
topographic data was not available, or its coverage was insufficient, we
made use of the shadow shape technique to measure landform height
(Chappelow and Sharpton, 2002; Daubar et al., 2014). For example, in
section 4.6, sinuous ridge heights were measured using this technique,
using CTX images B01_009929_1474_XI_32S274Wwith a light incidence
angle of 75.09; and D19_034706_1509_XI_29S275W, with an incidence
angle of 70.98, for a total of 33 ridge height measurement acquisitions.
Relative and absolute ages of geomorphic surfaces were dated by

crater counting using the Crater Tools add-in for ArcGIS (Kneissl et al.,
2011) and the CraterStats 2 software (Michael and Neukum, 2010) for
crater retention age dating. To be consistent with previous studies,
estimated crater count ages are expressed using the Ivanov (2001)
production function and the Hartmann and Neukum (2001) chronology
function. In tabulated values we also state ages based on the Hartmann
and Daubar (2017) production function and the Hartmann (2005) and
Michael (2013) chronology function.

2. Relative crater ages and general morphology of crater
interiors

The inferred sequence of the five named >25 km diameter craters,
from oldest to youngest is McCauley (including the McCauley-SE rim
basin), Nako, Salkhad, Batson, and Jori. Age relationships are inferred
from modification of crater rims by contiguous younger impacts and
crater floor deposits inferred to be ejecta sourced from adjacent craters
(Fig. S1). Ejecta sheet recognition is based upon nearly parallel ridges on
the crater floors. Each of the mapped ejecta deposits has arrows pointing
in the deposition direction from the inferred source crater in Fig. S1. The
oldest age of McCauley crater is based on its advanced degree of
degradation and having inferred ejecta sheets from Batson and Jori
craters on its floor (“Distal Ejecta” in Fig. S1). The relative ages of Jori
and Batson craters are less firm. Deep dissection of the shared rims of
Batson and Jori craters obscures age relationships, but rough terrain
with aligned ridges on the southern floor of Batson crater is tentatively
identified as distal ejecta from Jori crater (Fig. S1). McCauley, Nako, and
Salkhad crater have ejecta sheets on their floor from Batson crater.
Salkhad crater indents the rim of Nako crater.
All five craters have been extensively infilled, potentially including

ejecta, fluvial, eolian, lacustrine, and massive ice deposits. Despite their
proximity, the five craters exhibit diverse geomorphic evolution. The
highly degraded McCauley crater was only modestly affected by
Amazonian post-impact processes. By contrast, Batson and Nako craters
contain Late Amazonian glaciers (see Section 3.1). The depth of infilling

and the degradation state (Ds) of the five craters are given in Table 1,
where Ds=(E-O)/E: E is the expected depth of a fresh crater of the given
diameter and O is the observed rim-to-floor depth (Forsberg-Taylor
et al., 2004). Ds ~ 1 implies heavy degradation. Interestingly, the range
of degradation states is relatively narrow (0.23 to 0.4) and small
compared to the 0.5 to 0.9 range of many degraded equatorial craters
(Forsberg-Taylor et al., 2004). With the exception of the 1449 m esti-
mated fill depth of Batson crater, fill depths cluster from 950-1000 m.
Despite the appreciable estimated crater fill depths, the presence of

ejecta sheets, rough terrain, and hummocky terrain on the floors of all
the mapped craters except Jori indicate that the portions of crater floors
mapped in Fig. S1 have not been significantly eroded or mantled by the
candidate fluvial, glacial, and lacustrine processes discussed below, as
well as aeolian processes, subsequent to the Batson and Jori crater im-
pacts, although the Batson crater impact may account for large pro-
portion of the infilling of Nako and Salkhad craters. Eolian erosion and
deposition on crater floors has likewise been modest, primarily limited
to eolian infilling of depressions at the decameter scale.
Both Nako and Salkhad craters have hilly elevated terrain on their

southern crater floors mapped as “Mounded Crater Floor” in Fig. S1. This
material is separated from the southern crater walls and does not have
recognizable characteristics of being sedimentary deposits derived from
crater wall erosion. Interpretation:We identify this unit as massive ejecta
deposits derived from the Batson crater impact, possibly including
avalanchematerials from the northern walls of the two craters generated
by the forces of the Batson crater impact. The inferred ejecta sheet on the
southern floor of Batson crater may likewise contain landslide material
sourced from crater walls triggered by the Jori impact.

3. Geomorphology of crater interiors

The descriptive names, geomorphometry, age, and figure references
to geomorphic features discussed in Sections 3 and 4 are presented in
Table 2. Context location of all figures is shown in Fig. 2.

3.1. Modern glacier like forms

Several deeply incised valleys along the interior rims of Batson and
Nako craters contain deposits with longitudinal ridges following the
valley axis, indicating that mass flow, likely slow, has driven deposit
downslope (e.g., Fig. 3, Table 2). Fig. 3 shows a valley in northeastern
Nako crater that hosts a deposit with pronounced longitudinal ridges.
Near the upslope end, several infilled valleys converge into single south-
flowing trunks, displaying a very similar planform morphology to
terrestrial tributary mountain glaciers. Similar inferred deposits are
present across the study area (e.g. two illustrated in Figs. 4, 6, and six
less definitive attributions in Section 5.1 and mapped in Fig. 20), with
the most extensive example extending from the northeast rim of Batson
crater (Fig. 4). Here, the deposit below the headwall displays curvilinear

Table 1
Degradation state of the >25 km craters. Craters are listed from oldest to
youngest.

Crater Diameter
(km)

Observed
Depth1

(m)
(O)

Expected
Depth2

(m)
(E)

Estimated
Fill Depth
(m)
(E - O)

Degradation
State (Ds)
(E – O)/E

McCauley 101 3275 4228 953 0.23
Nako 47 1890 2880 991 0.34
Salkhad 46 1893 2855 963 0.34
Batson 86 2476 3915 1439 0.37
Jori 36 1511 2512 1001 0.40

1 Based on average rim elevation minus minimum floor elevation from the
DTMs.
2 Based on fresh crater depth versus diameter statistics (Garvin et al., 2002,
2003; Forsberg-Taylor et al., 2004; Howard, 2007).

A. Grau Galofre et al.
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Table 2
Description of all landforms described in sections 3 (green background) and 4 (yellow background), including key
examples with location, morphometry, and reference figures, sections, and symbols used to highlight them through
the manuscript. ‘<res.’ indicates below resolution.

Pancake 
deltas

-29.81, 

83.47
800-850 1.5-2 10-20

flat-topped 

fans

after LTU, 

after/ during 

shallow 

depressions

Figure 10 3.4.5 ι
sub-ice/ 

subglacial 

deltas
-29.221, 

84.54
2.2-2.8 4.5-5 120-150

Undulating 
plateaus

-28.66, 

84.08
<1 <1 km 40-150

broad ridges, 

hills and 

depression

pre-dates 

FSV, post-

dates light 

toned unit

Figure 9, 

10, S6
3.4.6 ς

older 

depositional 

aprons

-28.64, 

84.32
<1 <1 km 40-150

-28.86, 

84.36
<1 <1km 40 - 150

Landform Example 
locations

Length 
(km)

Width 
(m) Depth (m) Shape and 

topology Age Figures sections symbol Interpre-
tation

Glacial 
deposits

-29.4, 

83.192
15-20 1000-3000 500-650

dendritic, U-

shaped 

valleys

post-dating 

rim fluvial/ 

glacio- fluvial 

activity

Figure 3, 

4b, 6, 18
3.1 α

extant 

debris 

covered 

glaciers

-28.456, 

84.548
16-24 1500-4500 200-700

-28.362, 

84.135
12-21

3000 -

6000
100- 450

Supra-
glacial block 

clusters 

-29.388, 

83.188

0.1 - < 

res.
100 - <res. < res.

irregular 

blocks, 

along ice 

flow lines

exposed after 

extant glacier 

deflation

Figure 3, 

4b, 6a
3.1.1 β supraglacial 

debris trains

-28.452, 

84.557

0.27 -

<res.
250 - <res. 10 - <res.

-28.332, 

84.168

0.2 -

<res.
200 - <res. 10 - <res.

Transverse 
ridges

-28.833, 

84.543
1.3 - 2.8 75-100 5 - <res.

terminal 

arcuate 

ridges, 

transverse to 

valley 

after 

depositional 

apron and 

rim-valleys 

before FSVs 

Figure 5 3.2 γ glacial 

moraines-28.995, 

84.648
0.9-2.1 70 - 150 10 - <res.

Fresh 
shallow 
valleys 
(FSV)

-28.551, 

84.462
3.5-15 90 - 300 <res. - 15

highly 

sinuous, 

tributary 

networks

after aprons 

and transverse 

ridges, before 

glacial 

deflation

Figure 5, 

6
3.3 δ proglacial 

channels

-28.409, 

84.136
6-10 90 - 300 30 - <res.

-29.569, 

83.116
1 - 10 85 - 275

< HRSC 

res.

Broad 
shallow 
troughs

-28.514, 

84.492
2.5 - 6.5 200 - 350 15 - 25

linear, broad 

troughs
pre-date FSV Figure 6 3.3 ε

subglacial 

drainage 

valleys 
-29.514, 

83.109
1 - 1.5 450 - 550

<HRSC 

res. - 10

Deeply 
incised 
valleys

-29.28,

84.60
7.5-8 1000-2500 100-250

dendritic V 

and U-

shaped rim 

valleys

more than one 

activation 

possible

Figure 3, 

12
3.4.1 ψ

older fluvial 

valleys, 

glacial re-

activation

-29.19, 

83.50
20-21 1100-1800 100-300

-29.61, 

83.68
9-10 500-1100 100-200

Depositional 
aprons

-28.7, 

84.4
30 N/A ? conical fan 

deposits in 

crater 

interiors

pre-date FSV 

and broad 

shallow 

troughs

Figure 6, 

7, 8, 9, 

S3, S4

3.4.2 ζ

outwash 

fans and 

plains

-29.54, 

82.83
10 18000 150-200

-28.4, 83.6 8 N/A 50-100

Basinward 
scarps

-28.63, 

84.45
1-1.5

2/3 crater 

perimeter
100-150 break in 

apron slope 

with 

appreciable 

relief

during or after 

apron 

emplacement 

Pre-date 

troughs and 

FSV

Figure 7, 

8, S3, S4
3.4.2.1 η lake level

-29.18, 

83.71
1-1.5

2/3 crater 

perimeter
150-200

-28.20, 

83.42
1-1.2

1/4 crater 

perimeter
100-150

Crater wall 
parallel 
ridges

-29.77, 

83.34
0.6-1.6 100-250 20 to <res.

parallel 

ridge-trough 
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downslope-oriented longitudinal bands, and has a concave and nearly
circular planform and a narrow exit that is broadly similar to terrestrial
glacial cirques.

3.1.1. Interpretation
Planform morphology, textures indicating downslope viscous

deformation, and evidence for deflation are all describing characteristics
of Glacial Like Forms (GLFs), that is, debris-rich ice deposits with
confirmed ice presence (Holt et al., 2008, Plaut et al., 2008, Souness
et al., 2012) but unknown ice concentration, which in larger ice bodies
ranges from 20-80% (e.g., Mangold, 2003; Head et al., 2005; Hubbard
et al., 2014), and found in the thousands on Mars’ midlatitude regions
(Souness et al., 2012, Hubbard et al., 2014). Following these guidelines,
we interpret these deposits to be GLFs, or modern debris-rich glaciers.
The downslope longitudinal bands are consistent with the course of
glacial flowlines, and are likely the result of compositional banding
caused by englacial and supraglacial sediment accumulation and dis-
tribution along flowlines due to internal deformation, followed by
downglacial transport, and finally revealed by differential sublimation.

Examples of analogue glacial longitudinal banding on terrestrial debris
covered glaciers are shown in Fig. S3. At locations designated with green
“#” in Fig. 3b the surface features are indistinct, probably because of a
cover of mantling material and accumulated particulates from ice sub-
limation. Similar obscuration occurs on most of the inferred glacial
deposits.
Deposit deflation and mass loss are evident from downglacier lon-

gitudinal bands disconnection from specific upstream sources in valley-
infilling deposits in Nako and Batson craters (see analogue in Fig. S3).
Examples of this disconnect are shown in the headwalls of a Nako crater
deposit (Fig. 3a, red lines) and in a deposit in Batson crater (Fig. 4c),
where longitudinal bands on the depositional aprons at “1” and “3” trace
upflow to the low relief ridges at “2” and “4”, respectively. These low
ridges are unlikely to have been direct sources of glacial ice, but if
overtopped by glacial ice sourced from much higher and steeper up-
stream slopes, the glacier could have flown over them. For ice to over-
ride these ridges would have required a former depth more than 50 m
above the ridges. A similar situation occurs in Fig. 4d where longitudinal
bands at “5” were probably sourced from a higher stand of the present
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glacier than from the basin at “6”. The former glacial extent is discussed
in more detail in Section 5.

3.1.2. Supraglacial debris
CTX images of glacier surfaces on Nako and Batson crater exhibit

clusters of blocky material ranging from the limit of resolution to 250 m
in diameter (Figs. 3, 4, 6a, Table 2), distributed forming chains elon-
gated in the inferred direction of downslope glacial flow (Fig. 3) or
collected in the cirque-shaped source alcoves into the main glacier trunk
(Fig. 4b), protruding well above the glacial surface. Many of the blocks
have a distinctive light-toned appearance (Fig. 3b).

3.1.2.1. Interpretation. These observations are consistent with the
blocky material being coherent debris masses transported by the glacial
flow. The occurrence of substantial debris masses forming elongated
trains on inferred glacial deposits has been noted as supraglacial GLF
boulder trains (Hubbard et al., 2011, 2014). Previous HiRISEmapping of
such blocky deposits by Hubbard et al. (2011, 2014) noted that the

debris is formed of boulder-sized material protruding over the host
glacier. On a GLF in Protonilus Mensae, supraglacial GLF debris was
found to consist of hundreds of individual 1-5 m angular boulders
distributed conforming with glacial surface lineations (Hubbard et al.,
2011, 2014) and attributed to be wall-rock debris deposited at GLF
heads. Fig. 3b exhibits 1-5 m angular boulders of the type noted by
Hubbard et al. (2011, 2014), but the majority of the blocks are 10 to
>100 m in size, light-toned, and rough-textured with numerous surface
fissures. The processes producing the rough texture are undetermined.
We interpret that the supraglacial light-toned block clusters are frag-
ments of a decameters-thick layer of light-toned material that was
deposited by airfall deposition covering the mapped region at about 1 Ga
(Howard et al., 2021) (see Fig. S17). Exposures of this unit on valley
walls likely broke off and deposited supraglacial boulders via mass-
wasting processes, or else draped an existing glacial surface and were
later broken off and transported downflow by glacial deformation.
Deflation evidence (Fig. 4), however, indicates that sublimation has
removed tens to hundreds of meters of ice from the glacial surfaces,
which would leave blocks in positive relief even if they were transported
englacially.

3.2. Transverse ridges

Several low, relatively narrow ridges occur within Batson and Jori
craters as well as within three D<20 km craters north of McCauley crater
(Table 2). They are located near the transition from the interior crater
walls and the basin floor, distributed generally aligned perpendicular to
the general terrain slope but locally extending upslope along the lower
valley wall. The most prominent ridges follow the downslope terminus
of the debris-covered glacier extending onto the Batson crater floor from
the northeastern crater wall (Fig. 5a, white γ letters). The other major
cluster involves curved ridges at the transition from crater wall valleys
to the Batson crater floor (Fig. 5b, white and blue γ letters).

3.2.1. Interpretation
A resemblance with terrestrial moraines bounding former mountain

glacier extents suggests that these ridges are likely terminal and lateral
moraines of the debris-covered rim glaciers. The ridges, however, are
narrower than typical terrestrial glacial moraines, suggesting that the
martian glaciers have experienced less basal erosion as explained by
Grau Galofre et al. (2022). Similar lobate ridges have been noted else-
where in or bounding glacier-like forms (GLFs), and also are interpreted
as moraines (e.g., Hubbard et al., 2011, 2014). These moraines may be
deposits pushed by glaciers, or possibly formed by the deposition of
passively advected englacial and supraglacial material, similar to cold-
based moraines (Head and Marchant, 2003; Hubbard et al., 2011; Par-
sons et al., 2020).

3.3. Fresh-shallow valleys and broad shallow troughs at glacial termini

A class of shallowly incised, often sinuous valleys has been identified
in locations throughout the martian mid-latitudes. They have been
termed “fresh shallow valleys”, or FSVs (Fassett et al., 2010; Howard and
Moore, 2011; Parsons et al., 2013; Hobley et al., 2014; Wilson et al.,
2016; Wilson and Howard, 2022). The adjective “fresh” is a designation
relative to the comparatively degraded Noachian valley networks of the
equatorial cratered uplands. In high-resolution imaging (CTX and
limited HiRISE coverage) FSVs are moderately affected by mass wasting
and eolian processes. In this study area FSVs are widespread in the
interior of all the named craters except McCauley, and they occur locally
on the surrounding terrain (Figs. 5, 6, S18b). In Batson and Nako craters
all the mapped glacial deposits are associated with FSV systems origi-
nating at the inferred glacier terminus. These FSVs cross the broad,
gently sloping ramparts mapped as depositional aprons (see section
3.4.2 below). Where the FSVs cross relative depressions they are asso-
ciated with smooth, sloping deposits. The chains of FSVs originating

Fig. 3. Debris-covered glacier (GLF) on northeastern rim of Nako crater and
surrounding deeply incised valleys. (a) context figure showing the glacier and
host valley and fan-like deposit southwest of the glacier. (b) Detail of glacier,
showing light-toned appearance of large blocks and rough surface texture. (c)
Upper part of the glacier. See text for notations on figure. Image center (a)
83.18◦E, 29.45◦S. Portions of the glacial surface denoted by “#”s are mantled,
whereas katabatic/anabatic wind or reflected solar light from crater walls may
keep the downslope portions of the glacier largely mantle-free. The glacial ice
has undergone sublimation deflation of at least the depth shown by the band
indicated between blue arrows. The red lines show downslope longitudinal
bands, aligned following flow streamlines, apparently emerging from mountain
slopes but disconnected from localized mass wasting sources, suggesting
appreciable past glacial deflation. See sections 3.1 and 3.4.1 for description and
interpretation.
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from the glaciers on the north interior rim of Batson crater can be traced
more than 30 km across the depositional aprons to the low-elevation
southern floor of the crater.
Fig. 6a illustrates the down-valley transition from a glacier in

northeast Batson crater to FSVs. The current apparent terminus of the
glacier is about at “&”, with FSVs “δ” initiating and extending down-
stream. Fig. 6a also shows broad, linear or subtly curved broad shallow
troughs radiating downslope from the glacial terminus (“ε”, Table 2).
These troughs appear more degraded than the FSVs, and are in instances
superposed by them, indicating they are most likely older (Fig. 6a, left).
The terminus of the glacier in northeast Nako crater presents a similar
set of landforms (Fig. 6b). Below the glacial terminus (“&”), we observe
similar broad shallow troughs (“ε”) as well as a series of narrow ridges
(“ω”), which fan out downslope to the edge of an elevated sloping
platform (*). FSVs initiate at the base of this platform (“δ”) and extend
into the crater interior.

3.3.1. Interpretation
Following previous interpretations (i.e., Fassett et al., 2010) we infer

that FSVs in this location are proglacial meltwater streams fed by the
upslope glaciers, based upon their abrupt sourcing at the glacial margin.
The water source for martian FSVs has generally been attributed to
snowmelt runoff, but the FSVs radiating from inferred glacier termini
(Fig. 6) are likely formed by glacial meltwater. Within this region FSVs
not associated with mapped glaciers usually originate from crater wall

valleys or other uplands that would have been likely locations for glacial
ice accumulation as well. If the depositional aprons into which the FSVs
are incised were ice-rich, sinuosity development may have occurred due
to turbulent melt processes (Parker, 1975; Karlstrom et al., 2013;
Mantelli et al., 2015).
We suggest that the broad shallow troughs shown by “ε”s in Figs. 6a,

b may have been subglacial drainageways eroded when the glacier
previously extended further downslope across the depositional apron.
This deviates from previous interpretations of broad troughs incising
crater alluvial fans, which favored late-stage fluvial incision (Anderson
et al., 2023). However, we favor the glaciofluvial hypothesis because
late-stage fluvial incision does not explain the abrupt upstream terminus
of the troughs nor the spatial and directional association with glaciers.
Following this line of interpretation and by association with the termi-
nus of the glacier, we suggest that the narrow ridges are candidate es-
kers, acknowledging that in this context they could also be the result of
relief inversion following differential erosion of channel deposits on the
host depositional apron, following glacial retreat.
For the case of the FSVs in Fig. 6b, we suggest that at the time of the

formation of the FSVs by glacial meltwater the glacier extended to about
the edge of the platform marked by “*” symbols, the sinuous ridges
(“ω”s) are candidate eskers, and the broad depressions may have been
subglacial drainageways. This spatial and temporal sequence of events is
consistent with those observed in terrestrial land-terminating proglacial
systems, where the terminal portion of a glacier or debris-covered

Fig. 4. Glacier on the northeast interior rim of Batson crater. (a) Context image, showing extensive feature interpreted as a piedmont glacier sourced from a cirque-
like headwall. Image centered at 84.66◦E, 28.75◦S (b) Detail of glacial headwall, showing multiple converging downglacier longitudinal bands evocative of flow
lines, and large clusters of blocks on the glacial surface in the vicinity of the constricted neck of the glacier. Arrows point to indentations at the headward end of
glaciers; (c) At “1” downglacier longitudinal bands appear to emerge from a crater wall ridge at “2”. These longitudinal bands indicate sublimation deflation of the
glacier by >50 m required for glacial flow to have surmounted the up-flow ridges at 2 and 4. (d) Longitudinal bands at “5” likewise appear from valley wall ridges and
are not aligned with crater wall valley incisions at “6”. Note extensive clusters of blocks at “7” up to 250 m in diameter. See section 3.1 for interpretation.
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Fig. 5. CTX images of ridges generally perpendicular to local terrain gradient (white ‘γ’ in (a) and (b)) interpreted to be glacial terminal or recessional moraines. (a)
Transverse ridges at the distal end of the glacier shown in Fig. 4. Image centered at 84.53◦E, 29.79◦S. (b) Transverse ridges at the mouth of west-sloping valleys on the
southeastern interior walls of Batson crater. Some ridges (blue γ letters) bend up-valley above the valley floor and may be lateral moraines. See Section 3.2 for
discussion. Image centered at 84.67◦E, 29.00◦S. Fresh-shallow valleys indicated by “δ”.

Fig. 6. Inferred glacier distal ends and fresh shallow valleys (FSVs). (a) FSVs (“δ”s) on the eastern north interior wall of Batson crater, which originate at the glacial
terminus (marked “&”) and incise over a depositional apron. Shallow troughs oriented downslope “ε”s also incise the depositional apron. Supraglacial block clusters
extend down-glacier onto the depositional apron. (b) FSVs (“δ”s) on the northeastern floor of Nako crater extending from the glacier at upper right (see Fig. 3) onto a
depositional apron. Upstream, FSV transition to inverted distributary channels (“ω”s) that originate at the inferred glacial terminus “&”. The transition, marked “*”,
lies on a shallow, rounded scarp on the depositional apron. See Sections 3.1, 3.3, 3.4.2 for details and interpretation. Image centers: (a) 84.49◦E, 28.34◦S; (b)
83.14◦E, 29.54◦S.
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glacier lies on a glaciogenic sedimentary platform, where eskers and
other elements of the subglacial drainage system are distributed (Fig. 6).
Beyond the sedimentary platform, moraines (‘transverse ridges’, Fig. 5b)
may or may not be observed, to be followed in sequence with the ele-
ments of the proglacial system: outwash fan sedimentary deposits
incised by proglacial channels, with possible supraglacial sedimentary
deposits on the outwash plain. This sequence is illustrated by analogue
sites on Earth including the Finsterwalderbreen and Vestre Lovénbreen
glacier termini, Svalbard.

3.4. Crater interior wall and floor morphology

3.4.1. Deeply incised valleys
All the depositional aprons radiate from deep valleys incised into the

crater walls, with apron volume and source valley incision volume
roughly comparable. The degree of crater wall incision generally cor-
relates with the interior crater relief. The depth and density of valley
incision exhibits a strong asymmetry in Batson, Salkhad, and Nako
craters, such that south-facing interior rims are incised to a much greater
extent than north-facing rims (Figs. 1, 8, 20). Either or both relief and
climatological factors might contribute to this pattern. The southern
sections of the rims of these craters have lower relief relative to the north
rims. Jori crater incision is greatest on the southeastern crater interior
wall where the relief is enhanced due to superposition of Batson and Jori
crater rims. McCauley crater has only modest rim incision, however,
despite the relief of the northern rim equaling or exceeding that of the
north walls of Batson, Nako, and Salkhad craters. Rim orientation, rim
relief, orbital parameters such as obliquity, and latitude, all play a role in
determining solar insolation conditions, which may enhance ice and
snow melt on south-facing slopes and facilitate erosive activity in the
Amazonian. South-facing crater walls receive less mean solar radiation,
so that snow and ice accumulations are less subject to solar-induced
sublimation.
Several of the deep valleys host small extant glaciers (Figs. 3, 5, 6)

and others are interpreted to retain ice beneath thick mantles. The
deeply incised valleys morphologically resemble crater wall valleys
hosting alluvial fans in the martial equatorial latitude (Moore and
Howard, 2005; Wilson et al., 2021; Morgan et al., 2022). Additionally,
rim relief has been identified as contributing factor to the incision of
valley walls creating alluvial fans (Moore and Howard, 2005, Wilson
et al., 2021, Morgan et al., 2022), likely because of a greater surface area
for snow and ice accumulation on longer slopes. The discussion below
addresses the question of the relative contribution and timing of valley
incision and depositional apron deposition by fluvial and glacial
processes.
The valley sidewalls are dominantly relatively planar and only

locally display cliffs or steep benches that would suggest rock outcrops.
One exception occurs on the steep headwall of the large glacier on the
northeastern wall of Batson crater (Fig. 4b). We measured the gradients
from crest to floor of 20 sideslopes of valleys incised into the northern
interior rim of Batson crater using the stereo CTX DTM. Gradients
ranged from 16-47◦, averaging 22.8◦. Only one profile exceeded 29◦.

3.4.1.1. Interpretation. Deeply incised valleys in crater walls could have
been eroded primarily by antecedent or interglacial fluvial processes
under an apparently warmer climate, or by formerly more extensive
glaciers with low lateral erosion rates, or both. Terrestrial valleys
formerly occupied by glaciers typically exhibit U-shaped cross-sections,
irregular profiles due to differential scour, lateral and terminal mo-
raines, and steep headwalls of cirques and arêtes. The high-relief,
rounded headwall of the glacier occupying the eastern interior wall of
Batson crater indents the crater walls in a cirque-like planform but lacks
steep headwalls (Fig. 4b). One explanation for the lack of steep head-
walls and U-shaped valleys might be that martian valley glaciers have
little erosive capability when compared to Earth, even if warm-based

(Grau Galofre et al., 2022). Over long timescales, however, glacial
erosion by warm or cold-based ice deposits could lead to crater wall rock
erosion (Atkins, 2013; Grau Galofre et al., 2022), particularly on steep
crater walls. Some capacity for glacial flow to be erosive is indeed shown
by the low scarps at the headwall termination of flows (e.g., at arrows in
Fig. 4b).
Terrestrial mountain glaciers typically incise sideways as well as

downwards into dense crystalline or indurated sedimentary rocks, pro-
ducing and supporting U-shaped valleys with steep or near vertical side
walls. However, crater walls would typically be highly fractured due to
impact stresses, as observed in terrestrial craters (Osinski et al., 2005). In
addition, as pointed out by Rodriguez et al. (2020) the deposits
comprising the bulk of the martian highlands may be composed of fine,
relatively unconsolidated sediment. If so, this supports the possibility
that many of the deeply incised crater wall valleys studied here have
been at least partially excavated by present or former glaciers with low
lateral erosion rates, encased within valleys with low potential for sta-
bility of U-shaped walls. This is further supported by the presence of
transverse ridges at the termination of some dendritic, V-shaped valleys,
which host remaining ice deposits (Fig. 5b). A lack of strong bedrock in
the crater walls would result in rapid mass-wasting to and below angle-
of-repose gradients following loss of glacial ice filling valleys, as indi-
cated by the 22.8◦ average of measured valley sidewalls. Perron et al.
(2003) measured debris slope gradients on martian debris slopes and
found averages ~20◦, well below angle of repose values (~35◦); they
attributed the low gradients to creep induced by repeated deposition and
sublimation of ground ice. Mass wasting following sublimation and
melting of formerly deeper glaciers occupying the valleys could account
for the lack of identifiable trim lines. The lesser scour potential of
martian glaciers vis-à-vis terrestrial glaciers and the enhanced role of
erosion by subglacial drainage (Grau Galofre et al., 2022) also may
explain the paucity of moraines and the lack of irregular profiles char-
acteristic of many terrestrial valley glaciers.
Fig. 7d shows a valley system in Svalbard, Norway where glacier-

occupied divides feature cirques (c symbols), but inferred deglaciated
former glacial cirques downvalley (c”) have been dissected by weath-
ering, mass-wasting, and fluvial dissection. The processes modifying
deglaciated valley slopes include rockfalls, small avalanches, and
deposition of small fans at the base of slopes (e.g., Ballantyne, 2002,
Berthling et al., 2020, de Haas et al., 2015, Hauber et al., 2011). The
lithology in the region of Fig. 7d is slightly deformed Devonian sand-
stone (Elvevold et al., 2007), which may explain the extensive post-
glacial modification of the glacial valleys.

3.4.2. Depositional aprons
Jori, Batson, Nako and to a lesser extent Salkhad craters feature large

fan-like deposits with gentle surface slopes (<4◦) extending partway
onto the northern crater floor, largely sourced from the heavily dissected
portions of the host crater northern walls. We term these “depositional
aprons”. They may contain an uncertain proportion of detrital and ice-
rich deposits supplied from upslope crater walls and valleys (Table 2).
Depositional aprons are converging conical sedimentary deposits
sloping about 2◦ to >4◦ from sources at major crater wall valleys
(Figs. 5, 6, 7, S4, S18 and Tables 2 and 3).
Batson crater features a large depositional apron covering ~2/3 of

the crater floor, including most of the crater northern, eastern, and
western floor. Nako and Salkhad craters feature smaller depositional
aprons than Batson crater, both in size and proportion, and are also
primarily sourced from the northern crater rims. Jori crater has a
prominent depositional apron on the east side of the crater interior and
smaller units on the north and south basin margins (Fig. 11). McCauley
has comparatively small depositional aprons, the largest being sourced
from the northwestern crater rim. Fig. 7d shows outwash deposits “ζ”
sourced from glaciers in the head of a valley in northern Svalbard that
are a partial analog to depositional aprons in Batson crater.
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3.4.2.1. Basinward scarps. Enigmatic features of the depositional
aprons in Batson, Jori, Nako and possibly Salkhad crater are prominent
circumferential basin-center-facing scarps situated partway down-
gradient from the source basins of the depositional aprons (Fig. 7, 8,
S18). In Batson and Nako craters these scarps clearly define an upper
and lower apron, with markedly different surface slopes (~3.9◦ versus
~1.9◦, respectively, Table 3). Fourteen topographic profiles were
collected along headwater valleys and crossing depositional aprons in
Batson, Nako, and Jori craters: Their relief characteristics are summa-
rized in Table 3 (see Fig. S4, S5 for locations).
The mapped profiles above the scarps include both the valley floors

(including the mapped glaciers) and the aprons. Excepting profile 8, the
profiles do not have a break in slope at the apex of the aprons and have
low concavity. Scarp break appearance ranges from convex and rounded
in northern Batson crater and northwestern Nako crater to steeper in the
west side of Batson crater. Relief drop, measured from upper break in
slope to base, ranges from 74 m to 205 m (Table 2). In many locations
around the base of the scarps shallow depressions are present up to 1 km
in width (e.g., Fig. 7). Many of these are just depressed relative to the
overall basin slope, but several are true enclosed depressions (e.g.,
Profiles 2 and 9, Fig. 7). Interior scarps of the type discussed here are
seemingly rare in martian craters.
Basinward-facing scarps in Batson crater can be traced nearly

continuously around about two-thirds of the basin circumference
(Fig. 8). The elevation of the upper scarp break is not constant, however,
being up to 600 m higher along the northern portions of the basin than
along the southwestern and eastern parts of the basin perimeter (Fig. 8).
This observation places considerable constraints on the possible origin
of the scarps, as discussed in section 5.1.2.

3.4.2.2. Apron stratigraphy. Informative stratigraphic exposures are
rare on the upper depositional aprons, including a lack of clear layering
where FSV has incised the apron (Fig. 9a), and minimal evidence at the
scarps (Fig. 9b). The surface on the upper apron is rough, with signifi-
cant eolian cover in relative depressions and transverse eolian ridges
forming low crests (Fig. 9a). A 1.5 km diameter crater on the upper
depositional apron of Batson crater contains layering partly concealed
by eolian infill (Fig. S7). The layering appears to be subparallel with only
scattered meter-scale gravel content, and with no obvious channel de-
posits except for shallow unconformities that occur in the upper layers at
the north end of the crater near the entry of an FSV channel. No obvious
sublimation texturing of the exposures is present.
Boulders and blocky material like those identified as supraglacial

debris extend beyond the mapped glaciers into the interior of the 5
craters, with their farthest extent indicated by red stars in Fig. S4. In
Batson crater the blocks extend to the edge of the mapped scarps, with
some occurrences in the shallow depressions fronting the scarps and on

Fig. 7. Example profiles across glaciers and depositional aprons, showing scarps (green arrows mark upper edge of scarps). Note slight depressions at foot of scarps.
Location of profiles are shown in Fig. S3 and additional profiles are in Fig. S4. (a) Profile across northeastern Batson crater. Scarp break (green arrow) at 84.45◦E,
28.63◦S. Upper third of profile follows extant glacier. (b) profile in western Batson crater. Scarp break at 83.71◦E, 29.18◦S. (c) Trace of profile 2. (d) Trace of profile
9. Thick arrows in (c) and (d) point north. (e) Landsat 8 image of an analogue glacial outwash sequence found in a proglacial environment in Svalbard, Norway
(15.0◦W, 79.3◦N). Moving downflow from the mountains, glaciers terminate in the valleys, leading to outwash sediment and debris deposition and proglacial
meltwater channel development on the outwash (plain and fan) ‘ζ’, depositing into ‘W’, an inlet of the North Atlantic Ocean with scattered float ice. Several cirques
retaining ice are labeled with c, whereas c” are inferred to be former cirques modified by weathering, mass wasting, and fluvial dissection. The outwash plain is
labeled “ζ”. See sections 3.1 and 3.4.2 for details and interpretation.

Table 3
Relief characteristics of depositional aprons. Slopes are in degrees. See Fig. S4
for profile locations and Fig. S5 for graphical profiles.

Profile
Number

Crater Upper
Profile
Slope1 (◦)

Scarp
Height
(m)

Maximum
Scarp Slope (◦)

Lower
Apron
Slope1 (◦)

1 Batson 23.6, 9.0,
4.3

— — —

2 Batson 3.8, 3.5 180 10.2 2.8, 1.9
3 Batson 3.9, 3.0 205 8.4 1.6
4 Batson 3.0 112 7.0 1.3
5 Batson 4.3 102 8.9 2.0, 1.1
5.5 Batson 3.0 134 10.2 2.3
6 Batson 3.7 131 9.5 2.0
7 Batson 4.0 107 13.9 0.4
8 Batson 7.2, 1.8 74 17.0 3.9
9 Batson 4.1 189 12.1 1.5
10 Nako 4.5, 0.9 140 9.4 —
11 Nako 4.0, 1.6 — — —
12 Jori 3.6, 2.9 112 7.1 —
13 Jori 3.0 131 11.0 —

1 Where multiple values are given the profile contains a break in slope. Lower
apron slope refers to portions of aprons below a scarp, where present. Upper
apron slopes extend from the upslope start of the profile to the scarp crest, except
that steep valley head slopes are not included in tabulated values.
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low benches on the south interior wall. In Nako and Jori craters the
blocky material is limited to the upper parts of the depositional apron
close to source valley terminus.

3.4.2.3. Interpretation. We interpret the depositional aprons to be
sediment deposits, perhaps locally ice-rich, sourced from the erosion of
the deep valleys incising the crater rims. The areal extent of the aprons is
approximately proportional to the extent of crater wall valley incision,
although quantitative assessment of depositional apron volume cannot
be made because of uncertain apron thickness. Previous studies inter-
preted the Batson crater depositional aprons as alluvial fans because of
their position downgradient from incised crater wall valleys and sparse
ridges locally branching downslope (Fig. S18a) (Moore and Howard,
2005; Wilson et al., 2021; Morgan et al., 2022; and Zhang et al., 2023).
However, many of the deeper valleys that fed sediment to the deposi-
tional aprons in Batson and Nako craters contain glaciers that were
formerly deeper and more extensive (section 3.1), and which could have
been erosive, contributing to the deepening and widening of occupied
rim valleys. FSV flowing out inferred glacier terminus (Fig. 6) seem to
indicate that glacial melt led to the formation of proglacial meltwater
streams acting to incise and deposit beyond the glacial margin, although
the most recent proglacial activity likely occurred after the emplace-
ment of the aprons.
Therefore, depositional aprons could be of glaciogenic origin, such as

terrestrial outwash fans (Fig. 7d), perhaps ice rich, or they could
correspond to the deposition as alluvial fans pre-dating glaciation
(Section 3.4.1). As previously noted, however, the source of runoff
excavating the crater walls and depositing the numerous Hesperian and
Amazonian martian alluvial fans is generally attributed to meltwater
from snow and ice accumulated in the incised valleys. Because of the
spatial association with deeply incised valleys that often display broad

or U-shaped cross-sections, characterized by circular headwalls and
generally straight thalwegs, some of them currently occupied by glacier
deposits, we tend to favor the interpretation of depositional aprons as
outwash fans, perhaps ice-rich. We find analogue depositional aprons
related to glacial and glaciofluvial activity in polythermal ice caps and
plateau glaciers punctured by glacial outlets and hanging glaciers,
depositing large sedimentary cones at their foot. Examples of these are
found in the Dry Valleys, near the Haughton impact structure on Devon
Island, as well as fans below Svalbard glaciers (Fig. 7d).
Depositional aprons are dated using crater counting techniques:

Nako crater’s apron formed first (1.4-1.05 Gya), followed by Batson
crater’s (900-1020 Mya), and Jori crater’s 680-540 Mya (see Table 5,
Fig. S15 and S16). They are genetically related to rim valley incision,
and they pre-date FSV and associated inferred fluvioglacial activity.
Fig. S13 shows depressions on the upper depositional aprons of Nako
and Batson crater that might be related to significant embedded ice. The
depressions may either be examples of craters expanded by sublimation
(Dundas et al., 2015; Viola et al., 2015) or melting of subsurface ice, as
has occurred in floor deposits in Jori crater (Levy et al., 2017).
The features of the depositional aprons that distinguish them from

terrestrial and martian alluvial fans are the basinward-facing scarps in
Batson, Nako, Salkhad, and Jori. The upper depositional aprons and the
associated scarps are unlikely to have resulted from renewed, but
areally-restricted subaerial alluvial fan activity. Discharges and sedi-
ment delivery from upstream valleys are unlikely to have been so regular
as to consistently terminate at a specific distance from the source in a
manner that could create terminal scarps 70-200 m high. Higher
discharge events would have incised the scarps in the manner that FSVs
have incised the scarps that they cross (Fig. S18b).
The observation that most of the profiles of depositional aprons

above the basinward-facing scarps in Batson crater intersect the lower

Fig. 8. Elevations of the crests of inward-facing scarps on the depositional apron on the floor of Batson crater. Numbers refer to clockwise distance (in km) around
the perimeter of the crater floor clockwise along the purple line. Dark blue triangles denote scarp crests. Orange diamonds are slightly higher secondary crests. Light
blue circles are the crests of higher, dissected benches. Purple squares identified by “ι”s are low, flat-surfaced depositional benches that share a morphology with
interpreted fan-deltas (Zhang et al., 2023). A prominent sinuous ridge on the crater floor is marked by “μ”. The -2450 m contour roughly corresponds to the top of the
scarps along the western crater floor but diverges to the north. See section 3.4.2 for details and interpretation. See Fig. 1 for context.
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aprons within 3 km of the scarp crest (Fig. S5) suggests that the process
forming the scarps has been a relatively moderate perturbation of a
dominant process of fluvial transport and deposition of the sediment
eroded from the deeply incised crater rim as a basin floor bajada,
possibly also sourced from glacial runoff. These relationships also sug-
gest that the scarps have been formed at a late stage in evolution of the
depositional aprons.
We examine three additional possible origins of the upper deposi-

tional aprons and associated scarps: subsurface structural deformation,
alluvial fan, deltaic, or glacial activity impinging on interior basin lakes,
or a primary origin as the terminal ends of glaciers.

3.4.3. Structural deformation
Most of the scarps present a subdued appearance, with rounded lips

and maximum slopes less than 15◦. The presence of relative depressions
fronting the scarps (profiles in Fig. 7) suggests downwarping. Most of the
scarps in the crater basins lack traces of movement along fractures and
are not strongly linear in planview, disfavoring a structural origin. The

depositional platform on the east side of Jori crater, however, exhibits
shallow, scarp-parallel depressions at 0.5 and 1.0 km upslope from the
scarp face that could reflect large incipient slumps. If slumping were the
primary mechanism forming the scarps, considerable smoothing and
degradation of scarp morphology would have had to occur after the
~0.95 to 1.3 Ga age surface age of the depositional aprons (Howard
et al., 2021). The scarp-parallel depressions in Jori crater may be a
special case, because the floor of Jori crater features appreciable
distortion and slumping of the crater floor, possibly as result of a thermal
anomaly partially melting a thick ice deposit within the crater (Levy
et al., 2017).

3.4.3.1. Deposition against a lateral barrier. Here we consider whether a
now absent lateral barrier might have limited the extent of basinward
transport of deposits originating from the crater walls. The most likely
barrier would be lakes within the basin, either open-water or ice-
covered. Terrestrial deltas are a logical analog, with the depositional
apron upslope from the scarp being topset beds and the scarp as a

Fig. 9. Banding and surface texture of exposures on depositional aprons and undulating plateaus in HiRISE images of Batson crater floor. (a) Rough surface texture
with eolian covering of depressions and degraded small craters on a scarp in depositional apron deposits. The image includes a fresh shallow valley. (b) Contour-
parallel ridges and depressions on the face of a depositional apron scarp in Batson crater that may reflect internal layering. (c) Contour-following banding in un-
dulating plateaus surrounding the Batson crater central peak. (d) Layering exposed on the upper interior rim of a 2.2 km crater superimposed on undulating plateau
in Batson crater. Light-toned deposits mantle the ejecta at “#”s. Arrows in (a), (b), and (c) point downslope. See Section 3.4.2.2 for details and interpretation (a-b)
and 3.4.6 for (c) and (d). Image centers: (a) 84.077◦E, 28.659◦S; (b) 84.323◦E, 28.643◦S; (c) 84.357◦E, 28.858◦S; (d) 84.203◦E, 28.856◦S. North is up.
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lakeward-migrating foreset/ bottomset complex. Such an origin has
been suggested for the upper aprons in Batson and Nako craters (Zhang
et al., 2023). In several locations the scarp fronts in Batson crater bow
outward toward the basin interior below the major valleys debouching
from the rim (Fig. 8), supporting a deltaic interpretation. No shoreline-
related landforms, such as barrier spits and beach deposits, have been
identified. Such features are inhibited, however, when the lakes are
frozen due to inhibition of wave action. This explanation does not
address the origin of the relative and absolute depressions basinward of
the scarps where bottomset deposits might be expected.
Support for former interior lakes occurs as scarp-fronted, “pancake”

fluvial deposits around the margins of Batson, Nako, Salkhad, and
McCauley craters as well as other low-elevation flat surfaces around the
basin interiors, as shown in Figs. 8, 11b, 11d, and 12a. These were
proposed as defining former lakes within these craters by Hargitai et al.
(2018b) and Zhang et al. (2023).
An inference of interior basin lakes would be bolstered to the degree

that scarp rims define a common elevation. As shown in Fig. 8, however,
the prominent scarps in Batson crater vary in elevation by about 600 m,
which could result from temporally varying lake levels and associated
deposition at the lake boundaries. Degraded higher benches on the
southwestern interior of Batson crater are within the same range of el-
evations (-2100 to -2300) as the benches on the northern interior (light
blue dots in Fig. 8).
A past filling of the interior of the mapped craters with a thick ice

cover, but with deposition occurring below an areally-varying ice
thickness could account for the variation in scarp elevations around
Batson crater, as discussed in Section 5.3. Similarly, a more level
infilling but temporally declining ice surface elevation and asynchro-
nous scarp development could account for the varying scarp elevations.
The lower scarps on the southeastern portion of the Batson crater floor
(Scarps 6-9 in Fig. S4 and kilometers 0-50 in Fig. 8) are somewhat
steeper and less degraded than the scarps on the north side (Scarps 2-5 in
Fig. S4 and kilometers 55-100 in Fig. 8), possibly indicating a younger
age. Ice or lakes occupying the interior of Batson crater and serving as
lateral constraints for scarp formation would have had to subsequently
disappear with minimal alteration of the crater floor. Such ice, however,
would have likely had much less detrital components than the glaciers
and sediment sourced from the valleys incising the crater wall. Overall,
we disfavor the asynchronous explanation because of the lateral conti-
nuity of scarps around the western and northern circumference of Bat-
son crater (Fig. 8) and a lack of an identified climatic scenario
temporally shifting glacial activity from the north to the west crater rim.

3.4.3.2. - Scarps as paleoglacial deposits. The scarps could mark the
farthest advance of glacial ice into the interior of the 5 craters. There is
indication that the glaciers once extended farther into the interior than
as mapped. Collections of blocky material like those that are ubiquitous
on the mapped glaciers extend beyond the mapped glaciers into the
interior of the 5 craters, extending to the limit of the scarps. As discussed
above these blocks are likely large fragments of the light-toned deposit
and crater wall rock material transported by the glaciers.
The pattern of blocky material strongly suggests that glaciers in

Batson crater formerly extended to the depositional apron scarps. The
same is likely true for glaciers in Nako and Jori craters. This leads to the
question whether the upper depositional aprons in these craters are
largely composed of glacial ice or whether the former glaciers have
mostly been depleted by sublimation. If largely composed of glacial ice
the glaciers would have to have been thicker than 100-200 m to account
for the scarp relief. As noted, exposed layering is sparse and inconclusive
as to deposit stratigraphy. The relatively steep scarp fronts (>7◦,
Table 3) argues against a largely ice composition of the sub-apron de-
posits. If the scarps are largely composed of fluvial deposits, then the
former presence of a lateral barrier is required, probably as a high lake
level. If the aprons are mostly composed of glacial ice, a concomitant

central basin infilling with ice or an ice-covered lake is compatible, if
perhaps not necessary.
The origin and process significance of the numerous shallow de-

pressions that border the basinward edge of the depositional apron
scarps remains enigmatic. We entertain three possibilities: 1) down-
warping because of the weight of deposits upslope from the scarp; 2)
erosion by katabatic wind, either by direct traction scour or indirectly
through sublimation (as occurs in the north polar cap scarps (Howard,
1978, 2000, Smith et al., 2013, Spiga and Smith, 2018), or 3) a near-
shore process associated with the former presence of ice-covered lakes
associated with the scarps. The latter explanationmight be most possible
if the paleolakes supported a deep ice cover, perhaps promoting scour by
subglacial drainage into the lakes, as discussed in Section 5.3.2.
In summary, the depositional apron scarps had been previously

interpreted as fan-deltas (Zhang et al., 2023), but the scarp elevations
vary around the periphery of Batson crater. Our interpretation suggests
that the scarps formed near the contact between glaciers on the crater
walls and perennially ice-covered lakes in the crater interior. This
interpretation is based in part on the unlikelihood of unfrozen lakes
during the Amazonian period.

3.4.4. Parallel ridges and valleys on crater walls and floors
The western interior rim of Salkhad crater (Fig. 10a) displays

numerous parallel ridges and troughs that generally initiate about 100-
200 m below the rim and continue to the crater floor oriented roughly
downslope (slope ~ 10◦), laterally spaced between 100-250 m. On the
crater wall the ridges are narrow and sharply defined, and the troughs
are broadly concave but filled to an uncertain depth with eolian deposits
(see Table 2 for scales), whereas certain troughs (“3”) appear enlarged
by crater rim-crossing channelized erosion. Parallel ridge and valley
alignments similar to those on the Salkhad crater wall are present on the
interior crater walls at the north of Nako crater, the northeast of Nako
crater (e.g. right side of Fig. 6b), and less distinctly at the north and east
of Salkhad crater and the west of Nako crater.
At the base of the crater floor we observe prominent narrow parallel

ridges, with terminations marked in Fig. 10b by “*”s (Table 2). Not all
the crater-floor ridges can be directly traced to those on the crater rim
although they have the same orientation. Between locations “1” and “2”
in Fig. 10a, the ridges and troughs on the crater rim are nearly parallel in
orientation broadly facing ESE. Near “2” their orientation is about 30◦-
45◦ counterclockwise divergent from the general downgradient direc-
tion (Fig. 10c). Between “2” and “3” the orientation of the ridges and
troughs changes abruptly from ESE to SSE, about a 60◦ shift in
orientation.

3.4.4.1. Interpretation. We interpret that the channels and ridges on the
crater walls in Salkhad crater and the adjacent ridges on the crater floor
(Fig. 10, Fig. S8) to be the result of subglacial modification by glaciers
extending from the rim to at least the basinward terminus of the ridges
indicated by “*” in Fig. 10b. The steep gradient of the inner crater wall
implies both direct glacial scour and subglacial runoff as possible
mechanisms for creating the ridge and trough topography. The deviation
of the channels and ridges from orientation directly downslope and the
abrupt change of direction between “2” and “3” in Fig. 10a is possibly
due to a change in ice flow direction through time. The ridges extending
from the base of the inner crater wall marked by “*”s in Fig. 10b are
likely constructional, although we cannot rule out erosive or structural
influences. The glacial activity in this location appears to pre-date
deposition of the light-toned deposit mantling this location and the
topography was not subsequently reworked (Howard et al., 2021). The
parallel ridges and grooves elsewhere in the study area were likely also
sculpted by glacial activity.

3.4.5. Crater wall benches and associated crater floor features
Narrow topographic benches occur along the lower interior crater
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walls of the north side of Nako (Fig. 11) and Salkhad (Table 2, Fig. S8)
craters. These differ from the depositional apron scarps discussed above
because they directly butt against the steep lower interior crater walls,
defining a nearly level surface (Fig. 11a). Fig. 11 shows the interior of
Nako crater and its crater wall bench (white arrows in Fig. 11b) in the
context of all other landforms discussed to this point. Multiple narrow
sinuous ridges (“μ”s Fig. 11, 12a) are present on the southern and
southwestern Nako crater floor below the -2600 m level, sourced from
superjacent interior crater rim valleys. The aligned ridges on the
northeast crater floor below the -2600 m contour are interpreted to be
Batson crater ejecta, and the rolling elevated topography of the southern
crater floor is interpreted to be a mélange of Batson ejecta and slumped
Nako crater wall material (Fig. S1).
The elevation ranges corresponding to the benches mark a strong

contrast in morphology between the crater rim and floor (i.e., Fig. 11,
see valley incision above and below white arrows). Valleys incising the
crater wall, generally following the topographic gradient, tend to
terminate at the bench level. Below this point we observe two distinc-
tive, but intergrading landforms that extend downslope on the lower
crater wall and onto the crater floor: 1) narrow, generally parallel ridges
with intervening broad troughs (Fig. 11, black arrows, and paralleling
the red line in Fig. S8b), and 2) long, sinuous ridges, sometimes with a
downgradient-branched planform (Fig 11b, “μ”). Ridges and troughs do
not always conform with crater wall valleys, with an exception shown in
Fig. 11a). Longer, sinuous narrow ridges extend towards the basin center
in widespread locations within Nako and Salkhad craters (“μ” in Fig. 11b
and 12 and Fig. S8 at “2”, “3” and “4”). We do not observe benches
within Batson crater.

3.4.5.1. Interpretation. We interpret the benches to mark paleolake
levels within Salkhad and Nako craters, owing to the marked contrast in
landform morphology above and below bench levels on the interior
crater wall. The benches do not expose sharp cliffs below the bench level
that would suggest that they are outcrops of a resistant bedrock layer,
and the bench in Nako crater extends laterally across what is interpreted
as depositional apron deposits (rightmost white arrow in Fig 11b). In
terms of age, benches seem to pre-date at least some depositional apron

activity, e.g., the mantling of the bench at “#” in Fig. 11b. The bench-
level contours cross midway down the depositional apron at “1” in
Fig. 11a may be mantled with post bench-forming fluvial sediment. The
troughs and ridges below the bench level in Figs. 11b and S8b could be
constructional, perhaps due to sediment-rich flow sinking beneath an ice
cover, or erosional, such as submerged gullies and chutes on steep
sidewalls in terrestrial fjords (Batchelor et al., 2018; Brouard and
Lajeunesse, 2019; Trottier et al., 2020).
The presence of nearly level benches across 10 to 30 km of the

northern crater walls (Figs. 11 and S8) suggests a stable base level
encouraging creation of the benches though deposition and possibly
erosion. Given the lack of sedimentary infilling of the crater interior to
the level of the benches, the lateral constraint promoting bench creation
is likely to have been either open-water or ice-covered lakes in the crater
basins. Because of the likelihood of cold climate episodes during the late
Hesperian-early Amazonian period, lakes would likely have been
permanently ice-covered.
The sinuous ridges, troughs, and pancake deltas located below the

level of the benches could have formed before, after, or because of, the
presence of ice-covered, basin-centered lakes. If formed before the bench
formation, then the longer fluvial ridges would likely be channels
inverted by eolian erosion. The sinuous ridges marked with “μ” symbols
in Figs. 11a and Fig. 12a are light-toned either as a result of mantling by
the regional light-toned deposit that was emplaced during the hiatus in
regional glacial activity, or by incorporation of eroded light-toned
mantle material when deposited. Pre-bench formation does not readily
explain the troughs and ridges that lie in contact with, but beneath, the
bench levels (Figs. 11b and S8b) and which are not directly connected to
valleys above the bench level. FSVs occur on the surfaces of depositional
aprons below the bench level, which we and previous studies interpreted
to having sourced from melting of former glaciers. The pancake deltas,
because of their low elevation in the crater basins, could have formed
after considerable drainage of the former ice-covered lakes, but as noted
below, formation beneath the ice-covered lakes is also possible.
We suggest that the distinctive geomorphic features below the

depositional apron bench levels in Nako and Salkhad craters were
created contemporaneously with the benches by subglacial and sub-ice

Fig. 10. Western interior crater wall of Salkhad crater showing crater wall parallel ridges (see also Fig. S8), north is up, total relief is 1950 m. (a) Overview. See
Section 3.4.3 for descriptions of crater wall ridges, marked by numbers. Image centered at 83.34◦E, 29.77◦S. Inset (c) shows 100 m contours from the global MOLA
DTM. Box shows location of (b). (b) Detail showing parallel ridges on the crater floor, with basin-ward ends of several ridges indicated by “*”. Letters “ι” mark the
basinward edges of features interpreted as pancake deltas. (c) Inset showing 100 m contours from the global MOLA DTM over region in (a).
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runoff. Subglacial drainage of warm-based glaciers when encountering
an ice-covered lake would likely remain as basal drainage beneath the
ice cover of the lake, much as Antarctic glaciers drain beneath ice
shelves or subglacial lakes. The ice cover on martian crater lakes of
Amazonian age would likely be many decameters to hundreds of meters
thick, and possibly grounded along the basin margins, limited in ice
thickness only by lake chemistry, sublimation mantles, overpressure,
supercooled liquid phase, and possible heat influx from glacial strain
heating andmelt (McKay et al., 1985; Kargel et al., 1995; Kreslavsky and
Head, 2002a; Howard and Moore, 2004; Carr and Head, 2019; Turbet
and Forget, 2019). If the subglacial water layer was thin, such sub-ice
drainage might have formed localized in distinct drainage paths that
melt upward through the ice roof while depositing sediment contributed
from glacial melting, creating lacustrine analogues to glacial eskers. We
suggest that the ridges extending below the bench level are thus esker
analogues and are primary rather than inverted features (Fig. 11a).
Likewise, the pancake deltas might have formed where sub-ice drainage
met deeper water, sandwiched between the ice and the crater floor. The
location of the deltas 220-300 m below the bench levels is similar to the
estimated ice thickness of ice in the mid-latitude Gorgonum basin at

37◦S, where cumulate, flat-topped ridges are suggested to have formed
by soft-sediment compressional deformation at the base of the ice cover,
either by ice thickening or by loss of total lake volume (Howard and
Moore, 2004).
The situation in Batson crater (Figs. 7, 8, S4) is more complex.

Depositional aprons extend onto the crater floor interior beyond the
depositional apron scarps. These aprons likely pre-date the scarp-
forming epoch. Nako crater likewise features depositional aprons that
extend below the level of the bench and thus are likely pre-existing. The
elevation corresponding to the bench in the northwestern corner of this
crater (at “#” in Fig. 11a) appears to have been partially mantled by
glacially derived sediment after the bench was formed. That is, this
depositional apron received active deposition both before and after the
bench-forming episode.
The formation of the benches and associated features in Nako, Sal-

khad, and Batson craters appears to have occurred late in the glacio-
lacustrine history of the region, reflecting an epoch of relative lake
level stability but preceded and followed by sedimentation and glacial
activity sourced from alpine glaciers on the crater rims.

Fig. 11. (a) Interior of Nako crater, showing panels (b), (c), (d), “ι” indicates a crater floor pancake delta, μ are sinuous ridges, and dashed lines indicate contours at
-2500 m and -2600 m that bracket the elevation of the bench shown in (b) around the rest of the crater periphery. The bench-level contours cross midway down the
depositional apron at “1”, and the bench level corresponds to the base of a prominent depositional apron at “2”. (b) Narrow topographic bench along the lower
northern interior wall of Nako crater (white arrows point to scarp edge). To the left of “#” the bench appears to be mantled by the depositional apron deposits
sourced from the valley at the upper left (see the enlargement in Fig. S19). Black arrows point to sloping ridges below the bench level that correspond to valleys on
the crater wall. (c) Detail of sinuous ridges “μ”. (d) detail of a pancake delta shown by “ι”. See Section 3.4.4 and 3.4.5 for details, Fig. 1 for location.
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3.4.6. Pancake deltas
Within the crater floors of Batson, Nako, and Salkhad craters are

relatively flat topped, fan-like surfaces with low, sharp-edged scarps
facing the crater interior, similar in scale and planform to the “Pancake
Delta” in Gale crater (Palucis et al., 2016) and “scarp-fronted deposits”
mapped globally by Morgan et al. (2022). They occur 220-300 m below
mapped bench levels as indicated by “ι”s in Figs. 8, 11d.

3.4.6.1. Interpretation. The convex-outward planform of these scarps
and association with upslope valleys indicates they are fluvial deposits
characterized as “pancake” deltas (e.g., Irwin III et al., 2005; Palucis
et al., 2016; Grant andWilson, 2019; Wilson et al., 2021). These pancake
deltas could have deposited either as sediments from fluvial activity,
could have been deposited under an ice or glacial cover, or could have
originated as a combination of both. An ice cover could have facilitated
deposition as a flat-topped surface. Whereas this remark does not
discard a possible subaerial origin, we favor a sub-ice interpretation
based on the context, either deposited in a lake covered by a veneer of
ice, or in a lake covered by a thick glacial cover. This interpretation also
is favored for the pancake deltas found in Salkhad and Nako craters
(Fig. 11d).

3.4.7. Undulating plateaus
Gently undulating topography bordering plateau surfaces occurs on

the floors of Batson and Jori craters and is characterized by generally
smooth uplands bordered by rounded slopes, hills and depressions

primarily located surrounding the central peak complex or adjacent to
crater walls (Fig. S6), with one occurrence as a band normal to the crater
wall west of the lowpoint of the southern Batson crater floor (Table 2).
Locally the sides of the uplands exhibit horizontal banding, which,
however, cannot be resolved into distinct layers (Fig. 9c). Layering is
exposed within a relatively fresh 2.2 km crater to the NE of Batson crater
peak. The crater wall exposes sub-horizontal, laterally continuous
layering (Fig. 9d), which appears to underlie light-toned material
(“#”s), regionally dated to ~ 1Gyr (Howard et al., 2021). However,
light-toned deposits also appear to underlie the layered deposits, so that
the light-toned exposures on the rim may be overturned crater wall
deposits.

3.4.7.1. Interpretation. We interpret this terrain to be the deposit of a
sedimentary unit emplaced post-dating the regional light-toned unit
previously inferred to be an ashfall deposit (Howard et al., 2021). This
interpretation is supported by the observation of layering in the unit
stratigraphy (Fig. 9d). The topography along the edge of the undulating
unit strongly resembles depositional apron scarps in terms of relief, and
indistinct layering (compare Fig. 9a, b with Fig. 9c, d). In Batson crater
the elevation of the summits of the hills are in the same elevation range
as the depositional apron scarps along the western side of the basin floor
but are lower than the scarps in the northern portion of the basin. In Jori
crater the undulating unit upper surfaces range from approximately the
same elevation as the scarp of the depositional apron on the east side of
the crater basin to about 200 m lower. The muted and likely eroded

Fig. 12. Fluvial features of crater interiors. (a,b) Southwestern interior of Nako crater. Deeply incised valleys on crater wall (12a, ‘ψ’) transition downslope into
anastomosing valleys (white arrows, 12b) and then continuing as sinuous ridges (12a, ‘μ’). (c, d, e) Southwestern interior of Salkhad crater. Lower crater wall valleys
are anastomosing (white arrows, 12e). Inset (d) shows a broad sinuous ridge interpreted as an esker or inverted fluvial deposit. Blocky clusters are present on the
crater floor near “#”s. Valley axis centerlines shown in (b) and (e) highlight valley anastomosing in the drainages shown in (a) and (c). Image centers: (a) 82.79◦E,
29.87◦S; (b) 83.63◦E, 30.02◦S. See Section 4.1, 4.6, and Table 2.
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character of these deposits, however, suggest the undulating plateaus to
be an earlier generation of depositional aprons, possibly sourced from
the central peaks.
The deposits bordering the central peaks of Batson and Jori crater

might alternatively be degraded glacial deposits sourced from the cen-
tral peaks. Central peak-sourced glaciers are frequently found in mid-
latitude craters, e.g. Moreux crater (Sinha and Murty, 2015). The
stratigraphic exposures (Fig. 9) are inconclusive of relative components
of ice or sediment. We cannot exclude the possibility that these deposits
accumulated on a then-higher crater floor and are remnants from later
basin floor erosion or subsidence. The exception to these suggested

origins may be the undulating plateaus mapped on the lower Batson
crater floor (84.41◦E and 29.13◦S), which are disconnected from the
central peak and craters walls and about 300 m lower than the other
mapped units.

4. Geomorphology of crater exteriors

4.1. Multiply-connecting and anastomosing valleys

Moderately incised valleys appear on both crater floors and near the
sources of drainage from both interior and exterior crater rims, often

Fig. 13. Context and examples of multiply connected valleys (arrows) (panels b-d) and Earth analogues (e). (a) Elevation shaded CTX mosaic showing all mapped
valleys (green polylines), marking the location of panels b-d, and the highest point in the region (red star). (b) shows a southward draining network (center 29.89◦S,
84.31◦E, elevation -2675 to 625 m) displaying anastomosis in the headwaters and outlet (arrows). (c1 and c2) show a network of subparallel valleys to the NE of
Batson crater (center 28.47◦S, 84.97◦E, elevation -1550 to 1600 m) with anastomosing topologies throughout the whole network (c2 shows mapped streamlines). (d)
shows a poorly defined drainage network with labyrinthine topology located west of Batson crater (28.93◦S, 83.30◦E, elevation -1650 to -450 m), lacking a clearly
defined drainage direction. (e) subglacial channels on Devon island, Canada, displaying anastomosis (arrow). See Section 4.1 and Table 2.
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featuring anastomosing patterns instead of dendritic planforms. Anas-
tomosis is here understood as multiple interconnections between trib-
utaries, contrastingly with the use of the terms ‘anastomosing’ and
‘anabranching’ to describe multiply connected channels in terrestrial
sedimentary environments (Knighton and Nanson, 1993; Nanson and
Knighton, 1996; Makaske, 2001).
Here the anastomosing valleys are incised into the substrate and

appear to lack levees or sediment bars (see, e.g., Fig. 13e for a bedrock
terrestrial analogue). Fig. 12 and 13 show examples of valleys with such
multiple connections, transitioning downslope into sinuous ridges in
Fig. 12a, and intertwining in complex patterns in Fig. 12b (white ar-
rows). Similar valley topologies also occur on the upper crater rims and
crater exteriors (Fig. 13b, c). Steeper slopes, including crater walls
generally exhibit parallel to dendritic drainage (Fig. 13). Anastomosing
valleys in the region are shown in Figs. 12, 13b, 20, S9, S11a.
Several examples of anastomosing networks are observed in the

uplands surrounding Batson crater and on the crater rims. Fig. 13 shows
three examples of multiply connected valleys, on the rim (Fig. 13c), and
on the uplands south (Fig. 13b) and west of Batson crater (Fig. 13d),
with morphometric details in Table 2. In Fig. 13b, a swath of valleys
draining SSW transitions between dendritic (tree-like), anastomosing
(multiply connected), and distributary (tributary bifurcation) topologies
(white arrows). Valley cross-sections are largely flat bottomed. The
valley displays at least two distinct episodes of formation: an older, more
degraded generation drains broadly N-S following the current topo-
graphic gradient, including most headwater tributaries. Some of the
first-generation valleys were then reactivated by a second erosive
episode, enlarging some cross-sections and locally cross-cutting earlier
valleys (black arrows in Fig. 13b).
Connecting different tributaries among each other are valleys flow-

ing cross-divide, draining broadly in the ENE-WSW direction, and
locally cross-cutting the N-S draining valleys (white arrows). Connecting
valleys are often deeper and wider than other tributaries, with steep
chutes at either end of the valley. In Fig. 13c, a ~3 km wide anasto-
mosing swath of valleys drains ENE outwards from the NE of Batson
crater rim. What appear to be crudely defined fans are located at the end
of the valleys branching to the southeast. To the SW of Batson crater rim,
labyrinthine drainage consisting of shallow, poorly defined, multiply
connected valleys drain into the deeply incised glacial valleys flowing
eastwards into the crater, described in previous sections (Fig. 13d,
Fig. S9a). Drainage topology in this region ranges from poorly dendritic
moving outwards from Batson rim to disorganized and labyrinthine
nearing Batson crater (Fig. 13d).

4.1.1. Interpretation
We interpret the weakly dendritic to anastomosing systems, as well

as labyrinthine topologies that are observed throughout the uplands
surrounding Batson crater (Figs. 12, 13, 18b, e, and S11) to be subglacial
in origin. Whereas anastomosing river channels are found on Earth, they
most often develop in low energy environments nearing the base level
(Makaske, 2001). Braiding channels, another example of multiply con-
nected topologies in fluviatile systems, form when rivers transport large
sediment bedload that accumulates forming ephemeral streamlined
bars, around which water diverts. Such braided and anastomosing rivers
do not feature branches incised deeply into inter-channel islands, or
located near the headwater, as seen here.
Network topologies consisting of multiply connected channels or

valleys are commonplace in subglacial drainage systems (e.g., Denton
and Sugden, 2005, Greenwood et al., 2007, Grau Galofre et al., 2018).
Grau Galofre et al. (2018) describe well-preserved subglacial networks
on Devon Island, Canada that are nearly parallel, weakly dendritic, and
anastomosing in the headwater reaches, and that are excavated into
plateaus underlain by dolomite (Fig. 13e). Similar terrestrial examples
of anastomosing valleys are shown in Fig. S10b, c. Multiple tributary
joints in a network may develop to the point where they dominate the
drainage topology and obscure any drainage hierarchy. An example is

the reticulate “labyrinth” terrain in Wright Valley, Antarctica (Denton
and Sugden, 2005), which consists of a series of channels carved into a
300 m thick layer of limestone bedrock (Fig. S11c). ‘Tributary’ junctions
are marked by deep potholes, whereas longitudinal profiles reveal slope
reversals. Labyrinthine terrain, similar in scale but less deeply incised, is
also apparent in satellite images of Devon Island (Fig. S11). In general,
valley anastomosis in subglacial drainage systems has been related to
sequences of subglacial floods of moderate magnitude, e.g., Fig, 13d,
Fig. S11 (Lewis et al., 2006; Marchant et al., 2011).
The cross-cutting relationships identified (Fig. 13b) suggest that at

least two events were involved in the formation of some valleys in the
region, with the second event responsible for driving flow across
drainage divides, another typical characteristic of subglacial drainage.
Anastomosing patterns and junction morphologies involving steep
chutes on either side of valleys connecting between tributaries are
typically seen in terrestrial analogue subglacial channel networks
(Fig. 13; Grau Galofre et al., 2018).

4.2. Valleys crossing drainage divides

Valleys within drainage networks located on the uplands around
Batson, Salkhad, and Nori craters can often be observed in discordance
with surface slope, either crossing local drainage divides or flowing
oblique to local slopes, as shown in Fig. 14a, b and S9b. Basins “W” and
“E” on the southern exterior slope of Batson crater (Fig. 14b) are con-
nected by the three numbered valleys that initially climb from the
eastern basin before descending westward. The inset shows a narrow
sinuous ridge on the western upward slope of valley 1 associated with a
shallow trough leading to basin “W”. The divide profile shows that
valley 1 incised 60 m into the ridge, which is 145 m high. Valley 3 oc-
cupies a linear trough on the western side of the ridge. Valley 2 is not
associated with a defined depression on the western downslope.
Fig. 14c shows multiple valleys draining a near-circular, ~3.2 km

wide basin, likely a highly degraded impact crater (marked “#”). Runoff
to this basin came from multiple sources (arrows). An unusual feature of
this basin is multiple valleys that formed from effluent discharge from
the basin (at arrows “1”- “5”). Valleys “2” and “5” breach the crater rim
close to the floor level of basin “#”. Valleys “1” and “3” exit the basin
well above the floor level but breach the crater rim. Valley “4” is less
definitive in incision depth and rim incision. The valley networks at and
downstream from locations “6” and “7” are multiply interconnected.
The valley marked “1” cuts into the anastomosing network “6” and flows
oblique to topography. A collection of intertwined, slightly sinuous
ridges at “8” leads from the drainages sourced from valleys “1”- “7” to
the center of the basin “W”, which is the same basin shown in (b). Valley
cross-sections range from V-shaped to steep sided, flat bottomed, typi-
cally ~100-500 m wide. The inflowing drainage along the northernmost
white arrow likely was sourced from the upland basin at “&” through the
divide notch at 9.

4.2.1. Interpretation
Valleys that cross divides between basins (Fig. 14) might originate

from a variety of mechanisms, including:

1. Structural influences, including easily weathered strata, weathering
of fracture zones, or narrow grabens, differential uplift, or a
constructional initial landscape (e.g. ejecta) with happenstantial
inter-basin connections. Often these are just low divides between
valleys exploiting structural weaknesses (e.g., Whitfield and Harvey,
2012) and do not imply fluvial flow crossing the divide.

2. Headward erosion of a valley leading to drainage capture (Howard,
1971; Bishop, 1995; Stokes et al., 2023). This usually occurs when
fluvial downcutting on one side of a divide exceeds erosion on the
other side of the divide, generally driven by greater relief on the side
with deeper erosion.
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3. Subsurface drainage from a higher valley into a lower valley,
implying either soluble bedrock or high permeability, low cohesion
substrate (Hack, 1960).

4. Overtopping of divides by ponded drainage, often leading to cata-
strophic incision such as the Pleistocene overflow of Lake Bonneville
(Gilbert and Lake, 1890; Meade, 1968; O’Connor, 1993).

5. Pressurized flow beneath glaciers, creating tunnel valleys and sub-
glacial channels (Kehew et al., 2012; Van der Vegt et al., 2012) or
divide-crossing eskers (e.g., Fig. 13b).

Scenarios 1 and 3 are generally random and are unlikely to exhibit
multiple instances in a regional setting. In martian landscapes the
overall depth of fluvial incision is generally modest relative to terrestrial
(e.g., Irwin III et al., 2005; Howard, 2007; Grau Galofre et al., 2020b), so
that scenario 2 should likewise be rare. The topography of Mars is
largely constructional due to tectonics, volcanism, and impact cratering,
encouraging overtopping as a process of valley incision crossing divides.
Exit-breach lakes are evidence of this mechanism on Mars (O’Connor,
1993; Howard, 2007; Fassett and Head, 2008; Matsubara et al., 2011;

Fig. 14. Valleys discordant with topography on the Batson crater region. (a) Context map showing the main drainage divides (yellow dashed lines), valleys cutting
across divides (black) and valleys oblique to topography (turquoise), marking the insets in b-c. (b) Valleys connecting basins across a ridge and their longitudinal
profiles. Two depressions on the southern rim of Batson crater are connected by sinuous valleys (marked “1-3”) that incise into a 145 m high ridge dividing the basins
to the east (E) and west (W). A sinuous ridge (upper right inset) descends from the western end of the incised portion of valley “1”. (c) Multiple valleys drain a basin.
The near-circular, 3.2 km depression at “#” is likely a highly degraded impact crater with runoff coming from multiple sources (blue arrows: inlets, black arrows:
outlets). Valleys “1, 2, 3, 5” are seen breaching the rim and outflowing eastwards into the basin. See section 4.2 for discussion. (d) Colored hillshade of analogue
terrestrial tunnel valleys boneyard channel and crocodile channel near Stavely, Canada (Rains et al., 2002). Image location 113.8◦W, 50.1◦N. Ice flow was NNW to
SSE, and total elevation range of about 900 m.
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Mangold and Howard, 2013; Goudge et al., 2021), and a number of
small crater (“tadpole-like” craters) evidence exit breach overflow with
no upstream contributing area other than the crater itself (Wilson et al.,
2016; Warren et al., 2021, 2023). Most martian examples of crater
divide breaching by overflow involve significant upstream contributing
area. Many exit breach craters have multiple exit breaches at different
levels, which is difficult to explain unless ice cover above the rim is
involved (Warren et al., 2023), because incising streams are very
intolerant of multiple drainage pathways.
In the Batson crater study region multiple potential divide-crossing

valleys are present (Fig. 14b, c), and at least two basins have multiple
exit valleys, with one example the 3 km basin in Fig. 14c, with 3 or 4 exit
breaches. These divide-crossing valleys, as seen in Fig. 14d, are best
explained by pressurized overflow under an ice-covered landscape.

4.3. Interconnected shallow depressions

The exterior rim of Batson crater features multiple shallow, irregular
depressions (Fig. 15, Table 2). These depressions range in size between
1- 10 km and are roughly elongated in the ENE-SSW direction (Fig. 15a),
increasing in size and definition towards the south and east of Batson
rim (Fig. 15b, numbered sequence). Some of these shallow depressions
are interconnected through channels. Fig 15g. shows three drainage
systems draining in distinct directions, numbered according to their
order in the sequence : eastwards (Fig. 15b, white sequence 1-4), south-

southwestwards (Fig. 15b, black sequences 1-4) and southwestwards 1’-
4’). A deep valley is seen draining westwards into Batson crater between
2’ and 3’, note the pancake delta ‘ι’ at its terminus.
We find that clusters of hummocky material tend to occupy the

interior of these shallow depressions (Fig. 15b, c, ‘ο’) as described in
detail in Section 4.4. However, depressions without hummocks are also
found further west (Fig. 15a, b). Sinuous ridges, shown with white ar-
rows in Fig. 15b, c appear within or at the end of some valleys con-
necting cavities, notably towards the lower reaches of the sequences 1-4
and 1’-4’ in Fig. 15b. In Fig. 14c, a sinuous ridge is observed at the
termination of a connecting channel (arrow, see inset in Fig. 14b). The
depression marked with a white number 3 in Fig. 15b is bounded by a
transverse ridge that is breached in at least two locations (black
triangle).

4.3.1. Interpretation
We interpret the sequences of interconnected shallow depressions as

interconnected subglacial cavity systems. These smooth, seemingly
isolated depressions are perched at the top of Batson crater rim, much
higher in elevation than the surrounding terrain (Fig. 15a, b). This is
inconsistent with surface runoff deposition, as (1) these depressions are
often disconnected from any water or sediment source, and (2) they are
located near or at the drainage divide, minimizing the source area
available (Fig. 15b). Two possible interpretations for the origin of these
shallow depressions are: 1) at least one large, widespread snow and ice

Fig. 15. Interconnected shallow depressions and associated landforms. (a) Distribution of interconnected shallow depressions (dashed blue) and hummocks (dotted
red, also Fig. 16). Black boxes mark insets in (b) & (c). (b-d) shallow depressions (numbered in sequence or indicated by ‘ξ’), hummocks (‘ο’), sinuous ridges (white
arrows), pancake deltas (‘ι’), and breached transverse ridges (black triangle) on Batson crater (b, c) and terrestrial analogue (d). In (b) three different shallow
depression drainage sequences are shown numbered from inferred source to sink (numbers in black drain SSW, in white drain E), from inferred source to sink
(numbers in black drain SSW, in white drain E). Center: 29.39S, 84.80E. (c) Interconnected shallow depressions and associated landforms south of Batson crater
(center: 29.63S, 84.45E). See section 4.3 for discussion. (d) Terrestrial analogue glaciofluvial hummocky corridors and interconnected subglacial cavities. Former
subglacial cavities drain in sequence (numbers) through poorly defined channels (orifices), and are associated with glaciofluvial hummocks and eskers. Image center
is located 66.764N, 90.219W, the landscape was reworked under the Laurentide ice sheet.
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melt event, which could explain the discharge required for the overspill
of these shallow depressions, their presence at or near the drainage di-
vides, and the weak connectivity owing to increased water supply, or 2)
interconnected subglacial cavities, which could similarly explain their
weak connectivity, presence of hummocks infill, and distribution at or
near the rim drainage divide (e.g., Lewington et al., 2020).
Analogue interconnected subglacial cavity systems are commonly

found on Earth in locations covered by Quaternary glaciation, including
Canada and Scandinavia (e.g., Dewald et al., 2022). We propose an
example from Nunavut, Canada (Fig. 15d), where we observe similar
depression morphologies and scales, and an assemblage of landforms
that includes sinuous ridges, hummocks, shallow depressions, and
connecting channels at various levels of definition. This terrain
(Fig. 15d) was sculpted by the northwestward drainage of the northern
Labrador ice dome, former Laurentide ice sheet. Glaciofluvial features
are located at the hilltops or near the drainage divides, connected

through poorly defined shallow channels, and associated with hum-
mocks (Fig. 15d ‘ο’) and esker ridges (white arrows). Subglacial cavities
(numbered sequences, Fig. 15d) have an irregular shape, slightly elon-
gated towards the drainage direction and in some instances contain
hummocky infill ‘ο’.
Subglacial interconnected cavities develop when subglacial water

drainage accumulates in points of minimum hydraulic potential, which
can occur due to local depressions (Flowers, 2015; Livingstone et al.,
2022). Subglacial cavities store basal meltwater until the hydropotential
seal breaks, which can occur either by increased water pressure or by
enhanced cavity leakage. At this point cavities become an active supplier
of highly pressurized water and sediment into the subglacial drainage
system, and can become interconnected through meltwater corridors
and orifices (Kamb, 1987; Fountain and Walder, 1998; Flowers, 2015).
Water levels within cavities need not be level, as ice slope plays a more
important role than basal slope. This is apparent in Fig. 15d, for

Fig. 16. Hummocks and linear troughs. (a) Eastern exterior slope of Batson crater rim (center: 28.82S, 85.02E), showing hummocks ‘ο’ accumulated in relative
lowpoints and deep fluvial incision, with fan-like deposits at the foot of the valleys (right). (b) NNW-SSE trending shallow troughs ‘π’, bounded by the Navua Valles A
to the SSE (image bottom) and its main tributary to the NNE (image center), with hummocks ‘ο’ and shallow channels shown with arrows. Image center: 29.92S,
84.67E, color stretched. (c) HiRISE image focused on the inset in panel (b), showing hummocks (arrows), without visible stratigraphy. Notice crude lee and stoss sides
(arrows). (d) Terrestrial analogue Glaciofluvial Hummocky Corridors (GHC) (right) in southern Sweden. Bold arrow shows ice flow direction. Left inset shows a
LiDAR example of hummocks and murtoos (arrows) (center: 61◦28’N 13◦11’E, trough depth ~10 m). See Section 4.4 for details.
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example, where cavities are perched on sloping terrain or do not form a
clear topographically confined basin; and is also apparent in several
depressions on the eastern rim of Batson crater that are sloping or not
topographically confined, yet display smooth floors and occasional
hummock infill (i.e., 3’ in Fig. 15b).

4.4. Hummocky material and linear troughs

Hummocky material, taking the form of blocks distributed in clus-
ters, consists of areally extensive collections of fragments 10 to up to 250
m in size without visible stratigraphy (Figs. 16c ‘ο’; S12, arrows). These
are different from the supraglacial boulder trains described above
because they are not associated with any remaining glacial deposit, they
are not found forming trains, and they do not display the characteristic
light toned material of GLF supraglacial debris in this region. In addi-
tion, they display a shape that is crudely hydrodynamic, with lee and
stoss sides that can be identified in some examples (Fig. 16c, arrows).
Hummocks within clusters are areally scattered (Figs. 15a, 16a, b, and c
‘ο’, S12), unlike the congested bars and fans typically deposited by dilute
fluvial flows. South of Batson crater, hummocks preferentially occupy
the interior of shallow linear troughs (Figs. 15a, 16b ‘ο’), the floor of the
Navua A Valles (Fig. 16b, S11) and the floor of its main tributary
(Fig. 16b, c).
Linear troughs are swaths of subparallel, shallow, crudely defined

troughs, found S-E of Batson crater, generally trending NNW- SSE obli-
que to local slope (Figs. 16b, S12). Troughs are commonly infilled with
hummocks (Fig. 16b, ‘ο’), and are also found in association with small
valleys (Fig. 16b, arrows). Two large troughs are seen branching out of
the Navua A NNE tributary at ‘π’ (Fig. 16c) and merging with the Navua
A Valles to the south (Fig. 16b). Junctions are in a higher level than the
tributary or Navua A Valles valley floors, defining a terrace (Fig. 16c).
The swath of troughs and hummocks ends to the south at Navua A Valles
(Fig. 15a).

4.4.1. Interpretation
We discuss four possible origins of the linear troughs observed south

of Batson crater: structural control, ejecta from Batson crater, erosion by
glacial sliding, and glaciofluvial erosion. The linear troughs do not have
the straight and abrupt lateral boundaries that would suggest a domi-
nant structural control. Control of the broader undulating relief by
structure is also not evident. Origin as ejecta texturing is also a possible
explanation for terrain surrounding large craters such as Batson crater.
Ejecta textures from neighboring craters are a likely explanation for
patches of aligned ridges and troughs on the floors of Batson, Salkhad,
Nako, and McCauley craters. In the Amazonian-aged Hale crater, El-
Maarry et al. (2013) andMorino et al. (2023) described an association of
blocky material and channels consisting of braided channels, large
amounts of debris transported within the fluvial or debris flows, and
fluidized ejecta. This picture is unlikely here for the following reasons:
Batson is a Late Noachian crater, whereas Hale is an Amazonian crater.
The degree of preservation and exposure found on these landforms
makes it unlikely they date from the Noachian. Next, the linear trough
direction does not match the expected radial ejecta blanket direction,
nor the ejecta direction found further to the south. Finally, troughs and
hummocks emerge from the Navua A Valles N tributary (Fig. 16c, ‘π’)
and merge into the Navua A Valles (Fig. 16b), with the Navua A Valles
acting as a significant sink of hummocks (Fig. 15a). Since the Navua A
Valles is Amazonian (Hargitai et al., 2018a, 2018b, 2019), and thus
much younger than Batson crater, age relationships also stand against
this hypothesis. Equally unlikely seem to be the possibility of fluidized
ejecta material with other sources, because there are no craters in the
region that are both younger and large enough so that their ejecta
blanket would extend to the southern and eastern Batson rim. We cannot
discard, however, that some of the elements visible in the landscape,
notably the surface texture, inherited characteristics from the Noachian
ejecta blanket.

Origin as glacial lineations is possible, requiring the presence of a
warm-based glacial cover, with large enough driving stresses to offset
the lower martian gravity (Benn and Evans, 2010, Grau Galofre et al.,
2022), but does not provide an obvious mechanism to preferentially
deposit hummocks inside shallow depressions and troughs, as observed
in Fig. 15b and 16b. The fourth possibility is deposition by subglacial
drainage, once again requiring a glacial cover with basal melt. Terres-
trial analogue glaciofluvial landscapes found as vestigial fingerprints of
the Scandinavian and Laurentide ice sheets capture similar landform
associations to those found in this region, in the form of Glaciofluvial
Hummocky Corridors (GHC), shown in Fig. 15d (upper right corner) and
16d (i.e., Dewald et al., 2022). Glaciofluvial hummocky corridors
(GHCs) are channelized features with different degrees of definition,
formed by subglacial meltwater flow and roughly aligned in the direc-
tion of former ice flow (Fig. 16d). Glaciofluvial hummocks, in turn, are
mounds gathered forming tracts of irregular topography within GHCs, as
shown in Fig. 16d (Utting et al., 2009; Peterson and Johnson, 2018;
Vérité et al., 2023). The crudely hydrodynamic, V-shaped planform
found in some hummocks (Fig. 16c, arrows) resembles that of murtoos
or murtoo-related forms (Peterson et al., 2017; Vérité et al., 2023), a
landform found commonly in association with glaciofluvial hummocks
(Fig. 16d, inset). Smaller meltwater channels (~10 m), eskers, and
transverse ridges are also frequently observed within or around the
meltwater corridors (Vérité et al., 2023).
The troughs and hummocks found south of Batson crater match the

scale of the terrestrial analogues (compare Fig. 16c, d), which also
capture hummock and linear trough distribution, and the association
with sinuous ridges and channels (Fig. 16b, arrows). The interpretation
of linear troughs and infilling hummocks south of Batson crater as GHCs
is consistent with the environmental scenario consisting of a linked
subglacial cavity system on the eastern rim of Batson crater, tran-
sitioning into a GHC dominated drainage as the system progressed
southwest and water input grew. This landscape was emplaced after the
erosion of the Navua A Valles, and either after or during the emplace-
ment of its tributary, owing to the distribution of hummocks and the
spatial connections described (Fig. 16b and c).

4.5. Navua A Valles and tributary

The Navua Valles consist of a series of fragmented, poorly integrated
valleys covering a large area, which have been previously described in
detail (Mest et al., 2010; Hargitai and Gulick, 2017; Hargitai et al., 2019)
The northwesternmost portion of the system, the Navua A Valles
transported water from headwater regions that are indistinct in imaging
down the Hellas basin floor with little additional input from indepen-
dent tributaries (Hargitai et al., 2019). The valley may have originated
during the late Noachian as the downstream continuation of drainage
systems northeast of Batson crater (Mest et al., 2010) but the connection
is obscured by Batson crater ejecta. The present well-defined portion of
the valley initiates abruptly southeast of Batson crater at (85.20E,
29.95S, Figs. 1, 17a, and S12) and consists of several segments with
different degrees of incision within a drainage basin oriented ENE –
WSW. Morphometric details are summarized in Table 2, and in Hargitai
et al. (2017a, 2017b, 2019). The longitudinal profile of both the Navua A
Valles and its tributary present stepped sections, as well as sections with
localized reversed slopes, as shown in Fig. 17b. Both drainage systems
are concordant with regional topography.

4.5.1. Interpretation
We infer that the processes shaping the Navua A Valles were likely a

combination of fluvial and subglaciofluvial erosion. Previous strati-
graphic analysis indicated that different valleys within the Navua Valles
system originated at markedly different times and were reactivated
(Hargitai et al., 2018a, 2018b), with an older event likely Noachian/
Hesperian in age involving the portion of the Navua A Valles down-
stream from the present study (Hargitai et al., 2018a, 2018b), and a
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resurfacing event in the Amazonian leading to the formation of the
portion shown in Fig. 17a. Whereas the older event was likely the result
of fluvial runoff, we argue here that the Amazonian reactivation of
Navua A was driven by subglacial flows, at the very least the portion of
the valley south of Batson crater. We support this claim on four bases: (1)
the context, where inferred glaciofluvial hummocky corridors drain into
the Navua A Valles and other glacial and sub-glaciofluvial landforms are
interpreted to be present in the region (eskers, interconnected cavities,
crater wall striations, etc.), (2) the presence of sinuous ridges of variable
width within the valley, interpreted to be eskers in the next section, (3)
the intermittency of the valleys, which appear and disappear but
maintain consistent morphologies, and (4) the stepped nature of the
longitudinal profile, shown in Fig. 17b. Our interpretation is broadly
consistent with Hargitai et al., 2019 remarks on a possible fluvioglacial
origin of the Amazonian Navua A Valles.

4.6. Sinuous ridges

Sinuous ridges on crater exteriors are found both in the interior of
Navua A Valles and its main tributary, as well as in association with
shallow depressions, as discussed in Section 4.3. The sinuous ridges
within Navua A Valles have a mean sinuosity of 1.09+/- 0.03 (supple-
mentary dataset) with a mean segment length of 2800 +/- 1060 m, a
mean ridge width of 62 +/- 4 m, and a mean ridge height of 11 +/- 1 m.
Ridge height was measured using the shadow shape technique as
described in section 1.2. We built a width (W) - height (H) scaling from a
total of 33 empirical observations (see supplementary dataset and
Fig. S10) for the Navua A Valles ridge, yielding:

H = CW1.1±0.3,with p − value p = 1.03E − 10 (1)

Narrow ridges within the Navua A Valles are discontinuous and
display changing cross-sectional morphologies, which range from nar-
row crests (Fig. 17d) to broader, wider crests (Fig. 17c) with broader
crested ridge sections appearing in valley widenings, possibly because of

the decrease in water shear velocities. In Fig. 17b, we show the location
of sinuous ridges with respect to the profiles of Navua A Valles (black)
and its main tributary (red). Note that many ridges are spatially located
in regions of profile flattening, or profile reversals. We find hummocky
material associated with these ridges, both inside the Navua A Valles
and its main tributary (Fig. 17c and d). Similar, but less extensive
sinuous ridges are observed in the uplands S-SE of Batson crater (see e.g.,
Figs. 14b, 15b, c - white arrows) within or at the termination of valleys.

4.6.1. Interpretation
We interpret the sinuous ridges inside Navua A Valles and its main

tributary (Fig. 18), as well as smaller sinuous ridges found on crater

Fig. 17. Navua A Valles and tributary. (a) Color-shaded HRSC elevation on CTX mosaic showing the valley axis of the Navua A Valles (black) and its N-S tributary
(dark red). Sinuous ridge segments within the valleys are marked in turquoise for Navua A and in orange for its tributary. (b) Longitudinal profile of Navua A Valles
(A-A’, black) and its N-S tributary (B-B’, red), marking the location of sinuous ridges in relationship with profile slope and with panel (a). (c) CaSSIS image showing a
sinuous ridge with a broad and wide geometry (image center). (d) HiRISE image showing a narrow-crested portion of the sinuous ridge. See Sections 4.5 and 4.6
for details.

Fig. 18. Features at the southeastern end of the study region. Broad valleys 1-4
extend southward to the Navua A Valles from the massif at top of image. As
discussed in (Howard et al., 2021) after the valleys were eroded the landscape
received a light-toned mantle that was partially reworked by fluvial processes
and eolian erosion. The dark line delineates an extant ice deposit in valleys 1
and 2. See section 4.7 for details. Image center at 83.01◦E, 30.63◦S.
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exteriors (Fig. 17 and 15) to be eskers, acknowledging the limitations in
the identification of eskers and inverted fluvial paleochannels from
remote sensing observations (Butcher et al., 2021). We favor the esker
interpretation given that: (1) sinuous ridges are found here spatially
associated with longitudinal profile flattening and slope reversals in the
Navua A Valles (Fig. 17b). This is consistent (albeit not distinctive by
itself) with subglacial deposition, as flattened and reverse profile sec-
tions lower the sediment carrying capacity of channelized subglacial
meltwater, favoring sediment deposition.
(2) Sinuous ridges are found associated with hummocks and other

interpreted glaciofluvial landforms (e.g., Fig. 17c and d, Fig. 15b, c).
Glaciofluvial hummock formation is argued to require high discharges
(Vérité et al., 2023), in contrast with the environments known to pre-
serve and expose inverted fluvial paleochannels. However, esker ridges
on Earth are commonly associated with hummocks in GHCs, as shown in
Fig. 15d (e.g., Utting et al., 2009; Sharpe et al., 2021; Vérité et al., 2023).
(3) Sinuous ridge morphologies are more in line with those of esker

ridges observed on Mars and Earth than with those of inverted paleo-
channels. Eskers are primary, constructional landforms and their
morphometric relationships are expected to mirror the characteristics of
subglacial channels and the dynamics of subglacial deposition. Inverted
channels are not primary landforms, they result from weathering, dif-
ferential erosion, and degradation, and thus their morphometry is ex-
pected to be comparatively much more randomized. The empirical
width to height scaling derived here shows a meaningful trend (Fig.S10,
H~W1.1±0.3), and implies that height increases here more strongly with
width than the H~W0.2±0.3 reported for inverted paleochannels in Utah
(supplementary information in Hayden et al., 2019), but within the error
bars of the scaling relationships found for eskers on Mars (H~ W0.7±0.3

from supplementary data presented in Butcher et al. (2020), for Dorsa
Argentea ridges (a linear relationship, H~W, is shown in Fig. 9, (Butcher
et al., 2016), and Earth (H~W0.5±0.4, from data in Burke et al. (2015)).
Additionally, measured sinuosity (S= 1.09± 0.03) is consistent with

observations of a large database of eskers on Earth (S= 1.08 (Canada); S
= 1.06 (Kola Peninsula, Russia); (Hättestrand and Clark, 2006)), as well
as with glacier-linker esker systems on Mars (Butcher et al., 2020) and
Dorsa Argentea ridges (S = 1.10 ± 0.01; (Butcher et al., 2016)). By
comparison, fluvial inverted paleochannels tend to have slightly higher
sinuosity on Earth (S =1.2 – 1.5, (Harris, 1980, Williams et al., 2009)),
whereas on Mars Burr et al. (2010) reported that most inverted paleo-
channels in Aeolis Terra have sinuosity S ~ 1.1-1.5. Finally, the
assemblage of landforms identified around Batson crater, in particular to
the east and south, is most simply captured by a subglacial setting
similar to that in Fig. 15d than by a combination of many different
processes.
The situation inside the craters, illustrated in Fig. 12 (‘μ’) is less clear.

Ridges here are all found at roughly the same topographic level,
emerging downslope from a crater rim valley that is often dendritic and
anastomosing. Nako crater sinuous ridges are degraded in comparison
with ridges found on the intercrater uplands and SE of Batson crater
(compare Fig. 12a with Fig. 15 and 17). We cannot discard the hy-
pothesis of relief inversion for ridges in Nako crater given the impact of
erosion in their preservation, and the lack of direct association with
other possible glaciofluvial landforms. Ridges in Salkhad are much
better preserved (Fig. 12c) and are associated with heavily anasto-
mosing valleys, pointing at their origin as eskers. Whereas we cannot
completely rule out an origin as inverted paleochannels, the environ-
mental context, morphometry, and morphology consistently support our
interpretation of sinuous ridges outside of craters as eskers. We also
interpret that sinuous ridges within Salkhad crater are more consistent
with eskers than with inverted channels, whereas the lack of associated
landforms and the state of degradation of Nako ridges prevents us from
reaching a confident interpretation.

4.7. Southwestern (SW) broad valleys

A set of wide, trough-like valleys (“1” - “4” in Fig. 18) extend from
the foot of a Hellas basin massif, which preserves a patch of extant ice
(outlined in black in Fig. 18), to the Navua A Valles. As discussed by
Howard et al. (2021), the valleys appear to be incised into terrace de-
posits of Navua A Valles. After the valleys were eroded, they were
mantled by terrain-conforming light-toned deposits and were partially
reworked by fluvial activity (e.g. sinuous channels along the axis of
valley “1”). The mantle was subsequently partially stripped.

4.7.1. Interpretation
Fig. 18 shows a small remnant of a possibly larger ice cap that

excavated the valleys located at the head of the valleys ‘1’ and ‘2’. The
trough-like cross section of the valleys may reflect glacial scour, which
although not favored by the low martian gravity (Grau Galofre et al.,
2022) may have been aided by the high relief of the massif or the
possible unconsolidated state of the terrace deposits into which the
valleys were incised. The terrain-conforming light-toned mantling unit
was emplaced after the postulated glacial activity in this location, but
some fluvial reworking occurred subsequently, perhaps sourced by
remnant ice cover on and upslope from themassif. This sequence of post-
glacial light-toned mantling followed by moderate, FSV-style fluvial
incision is similar to the inferred glacial activity in Nako and Salkhad
craters.

4.8. Dissected highlands west of Batson crater

The region located west of Batson crater, bounded by Nako crater on
the south and McCauley crater to the north is characterized by undu-
lating terrains incised by locally dense drainage systems, with an NNW-
SSE trending massif setting the main drainage divide (Fig. 19a,b). Many
of the western uplands valley systems roughly fall within one the three
zones identified in Fig. 19c-e: Zone I, dendritic to multiply-connected
topology; Zone II, weakly dendritic systems interconnected with
shallow basins; Zone III, multiply-connected, labyrinth like topologies.
The region illustrated in Fig. 19c exemplifies drainage topologies in

Zone I. Valleys in Zone I are characterized by dendritic planforms with
occasional multiply-connected sections (‘λ’), and a drainage density of
~0.5 m-2. The drainage system here is largely concordant with topog-
raphy (Fig. 19a, b), although individual valleys are observed to connect
separate networks across drainage divides (Fig. 19c, ‘ν’). Cross-cutting
relationships observed in valleys in Zone I suggest at least two
drainage events occurred (although other drainage configurations are
possible), with the second event seemingly enlarging existing valley
cross sections. Anastomosing patterns are observed at some locations in
the valley headwaters (Fig. 19c, ‘λ’).
Drainage topology in Zone II is weakly dendritic, with incised valleys

intercalated with shallow basins, as shown in Fig. 19a, b and d and a
much lower drainage density (~0.19). This drainage zone originates on
the same massif, and terminates in a shallow basin with a NNE-SSW
facing bounding ridge breached in two different sites (Fig. 19d, ar-
rows). No hummocks, sinuous ridges, or valleys crossing drainage di-
vides are observed in this zone.
Drainage topology in Zone III (Fig. 19a, b and e) ranges from poorly

dendritic moving outwards from Batson rim to disorganized and laby-
rinthine nearing Batson (Fig. 19e). Organized drainage systems in this
region drain northwards towards McCauley crater or southwards
(Fig. 19a), whereas highly disorganized drainage patterns crudely
follow the slope towards Batson crater. Labyrinthine drainage consisting
of shallow, poorly defined interconnected valleys connects with the
deeply incised glacial valleys flowing eastwards into Batson crater
(Fig. 19e, ‘λ’). In Fig. 19e, a series of subparallel valleys are incised along
contour lines on the rise shown in Fig. 19e (‘ν’) terminating into the
larger depression shown at the bottom of the image, with a flow direc-
tion more conformant to local slope. The east-facing slope of the rise is
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incised by regularly spaced chutes shown in Fig. 19e, which terminate in
the contour-aligned valleys.

4.8.1. Interpretation
Several elements characteristic of subglacial drainage are visible in

drainage Zones I and III, and highlighted in Fig. 19: discordant valleys
(‘ν’), multiply connected valleys (‘λ’) In addition, there are instances of
valley cross-section variations that are uncorrelated with both tributary
junctions (increased input should be reflected in increased area) and
location within the network (proximity to the drainage divides should
lead to smaller water supply and thus smaller areas), or that vary by 50%
along a tributary-less single channel (Fig. 19c).
Terrestrial labyrinthine terrain, as an analogue to drainage in Zone

III, are found on Devon Island associated with subglacial channel
headwaters and (Fig. S11b) or immediately downstream of a glacier as
in the Labyrinth, Antarctica (Fig. S11c). Poor drainage direction in
drainage Zone III, (Fig. 19e, ‘2’) could be a sign of weak or competing
hydraulic gradients and high subglacial water pressures in this region
weakly enclosed by topography. By contrast, labyrinthine drainage
landscapes carved in rock, or standing on slopes as is the case of Fig. 19e,
are really rare in fluvial environments where the slope would quickly
lead water flow into a more organized, parallel or dendritic topology. In
addition, valleys incised along contour lines wrapping around existing
topography (Fig. 19e, ‘ν’, Fig. S11d, yellow arrow), could correspond to
lateral meltwater channels, often found in association with other glacial
landforms (Greenwood et al., 2007; Syverson and Mickelson, 2009).

Lateral meltwater channels are ice marginal channels, typically found in
association with cold or polythermal-based ice masses on Earth, (e.g.,
Greenwood et al., 2007; Syverson and Mickelson, 2009) that wrap
around former ice margins. By contrast, drainage Zone II (Fig. 19d) does
not display any characteristics distinctive of subglacial channelization,
and thus we cannot rule out surface runoff other than by environmental
context.

5. Discussion

5.1. Summary of interpretations

When considered separately, the landforms of the interiors and ex-
teriors of craters in the mapped region may be explained through mul-
tiple formative processes. These are summarized in the truth table
below, spanning formative hypotheses for key landforms discussed in
previous sections.
Following the individual landform analysis summarized in the

Table 4, we argue that this suite of landforms is best explained as a re-
cord of extensive Amazonian glacial, glacio-fluvial, and glacio-
lacustrine processes, acknowledging this is of course, the result of
many processes including cratering, previous fluvial activity, and eolian
cover, among others.
The resulting assemblage of landforms is presented in a geomor-

phological map in Fig. 20: Major “Incised Valley” host remnant “Glacial
Deposits” of formerly thicker and more extensive glaciers. “Depositional

Fig. 19. Western uplands drainage. (a) Topography and main drainage directions (arrows) of the uplands directly west of Batson crater, showing drainage Zones I-
III. (b) Mapped main geomorphic elements and valley axis, highlighting the differences in drainage direction, topology, and drainage density in drainage Zones I-III,
and the location of insets (c-e). (c) Inset exemplifying drainage in Zone I showing organized, dendritic valleys with occasional interconnections ‘λ’ and flow direction
discordant with topography ‘ν’. (d) Inset exemplifying the drainage in Zone II showing shallow depressions connected by narrow valleys (arrows). (e) Inset showing
drainage patterns in Zone III, characterized by contour draping parallel valleys discordant with slope (ν), shallow, parallel, short valleys incised downslope, and
highly disorganized, interconnected labyrinthine drainage (λ). See section 4.8 for details.
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aprons” are sedimentary deposits, perhaps ice-rich, formed from glacial
outwash and possible contributions from pre-glacial crater wall incision.
“Ridges on the depositional aprons” and elsewhere on basin floors are
interpreted as channelized fluvial deposits presently in inverted relief.
The “Basinward Scarps”mark rounded scarps on the depositional aprons
that may mark the termini of glacial advances. “Transverse Ridges” are
interpreted as glacial moraines. “Depositional Apron Depressions’ lie at
the foot of the basinward scarps and are possibly excavated by subglacial
runoff. “Fresh Shallow Valleys” are sinuous, shallowly-incised, narrow
valleys mostly excavated by late-stage glacial runoff. “Crater Wall
Benches” in Nako and Salkhad craters likely record narrow zones of
erosion and deposition during former crater lake highstands. “Fluvial
Deposits” include relatively late-stage sediment deposited as channel
deposits of Navua A Valles, pancake deltas, deposits by fresh shallow
valleys, and other crater exterior and interior fluvial sediment. “Hum-
mocky Material” are patches of low mounds that are likely erosional or
depositional products of high intensity subglacial runoff. “Sinuous
Ridges” in crater interiors and the southeastern Batson crater are likely

esker ridges, although we cannot discard channel inversion inside Nako
crater. Additional small, unmapped sinuous ridges occur along Navua A
Valles and in valleys on the southeastern flank of Batson crater. “Broad
Valleys” are about 1 – 4 kmwide and up to 400 m deep mantled by light-
toned deposits; the valleys may be glacially scoured. See Table 2 for
figures showing the mapping units and Table 4 for text sections where
the units are discussed. “Undulating Plateaus” mostly surround the
central peaks of Batson and Jori craters and may be sediment or glacial
ice sourced from the central peaks.

5.2. Timeline of events and glacial stages

We establish a timing of events based on three aspects: age dating
from crater counting, our own results complemented with previous
mapping; a relative age dating to associated landforms based on cross-
cutting relationships; and a regional relative age dating with respect
to the light toned unit (LTU), dated ~ 1 Gyr (Howard et al., 2021), and
which represents an ice-free episode. Crater counting results are

Table 4
Landforms discussed in the paper (left), list of possible environments of formation, confidence in our interpretations, and reference sections. X indicate that the given
environment cannot produce that type of landform.

Environment/
Landform

Glacial Fluvial/ lacustrine Geology/
tectonics

Cratering Mass wasting Interpretation Confidence Section

Glacial deposits debris-covered
glaciers

X X X X debris-covered glaciers
(GLF)

high 3.1

Supraglacial
block clusters

glacial
transported
boulders

fluvial transported
boulders

X ejecta blocks
landslide
deposits/
molards

glacial transported
boulders

high 3.1.1

Transverse ridges glacial moraines sediment bars wrinkle ridges X X glacial moraines high 3.2
Fresh shallow
valleys

supraglacial
channels proglacial channels X X X proglacial channels medium 3.3

Broad shallow
troughs

tunnel valleys/
subglacial
channels

proglacial channels X X X
tunnel valleys/ subglacial
channels low 3.3

Depositional
aprons

outwash fans /
ice deposit

alluvial fans/ deltas
subsurface
structural
deformation

X landslide
deposit

outwash fans/ ice deposits medium 3.4.2

Basinward scarps
extant glacier
termini

delta front/ lake level
basin boundary
fault

X
mass wasting
deposit edge

lake level medium 3.4.2.1

Crater wall
parallel ridges glacial striae

grooves due to
turbulent sheet flow

bedrock
stratigraphy ejecta blanket

ridged
landslide
deposits

glacial striae high 3.4.3

Crater wall
benches X lake level

bedrock layer
outcrop X

mass wasting
deposit edge lake level low 3.4.4

Pancake/ step
deltas

ice-contact or
subglacial delta delta/ alluvial fan X X X subglacial fan/delta medium 3.4.5

Undulating
plateaus

degraded older
outwash deposits

degraded older
alluvial fans

impact basin
sediments

Ejecta blanket Solifluction
lobes

degraded older outwash
deposits

low 3.4.6

Multiply
connected
valleys

subglacial
channels

braided/
anastomosing
channels, low energy

X
fluidized
ejecta

X subglacial channels high 4.1

Discordant
valleys

subglacial
channel

lake breach floods/
post-emplacement
modification

X fluidized
ejecta

X subglacial channels high 4.2

Shallow
depressions

inter- connected
subglacial
cavities

connected lakes /
thermokarst

structurally
controlled
basins

primary rim
topography X

interconnected subglacial
cavities modifying
primary rim topography

high 4.3

Hummocky
material

glaciofluvial
hummocks &
murtoos

catastrophic flood
deposits

X molards landslide glaciofluvial hummocks &
murtoos

high 4.4

Linear troughs
grooves
/ GHC

grooves incised by
floods graben ejecta

longitudinal
ridges

glaciofluvial hummocky
corridors (GHC) high 4.4

Navua Valles subglacial
channel

river valley X X X river valley with
subglacial reactivation

high 4.5

Sinuous ridges esker inverted channel wrinkle ridge X X esker/ inverted channel High/
medium

4.6

Southwestern
broad valleys

glacial and
tunnel valleys sapping/ river valleys X X X glaciers/ tunnel valleys medium 4.7

Western uplands
valleys

subglacial
channel
networks

river channel
networks X X X case by case medium 4.8
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discussed below, whereas individual cross-cutting and relative timing
relationships are presented together with the landform description and
interpretation. A synthesis of this information is presented in Fig. 21.
The following discussion is based on the model ages of crater counts in
Table 5 using the Hartmann and Neukum (2001) production function for
compatibility with Howard et al. (2021), Zhang et al. (2023) and other

age dating for the same region. The Hartmann and Daubar (2017)
estimated ages average 36 percent greater than the Hartmann and
Neukum (2001) ages using craters in the 30-500m diameter range.
The reliability of planetary surface crater retention age dating using

the size distribution of impact craters depends greatly on the size of the
geomorphic surface being dated. The established crater counting

Fig. 20. Geomorphic map of fluvial, glacial, and glaciofluvial landforms. See Fig. S1 for a map of non-fluvial or glacial units of crater floors.
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procedure that we employ (Michael and Neukum, 2010) provides an
estimate of age uncertainty as a function of sampling area as reflected in
Table 5, and Figs. S14 and S15. Recent studies (e.g., Warner et al. (2015)
and Palucis et al. (2020)) have suggested that error bounds on ages using
small craters on small geomorphic surfaces are underestimated by
Michael and Neukum (2010). Many of our count areas are well below
the minimum of 100 km2 suggested by Warner et al. (2015). We
accepted crater counts only if the cumulative curves closely followed a
production function. In addition, for several geomorphic surfaces we
broke the count areas into two or three subsamples to test for consis-
tency in derived ages (Batson exterior crater ejecta, Navua A Valles
floor, and the ejecta of the 4.6 km diameter crater superimposing Navua
A Valles). Finally, we examined derived ages for self-consistency with
interpreted geomomorphic relative ages, including, e.g., surfaces
mantled with the light-toned deposit dating older than those without.
Relative surface ages and sequences of events are better established than
absolute ages, which depend upon the selected production function (e.
g., Hartmann and Neukum, 2001; Hartmann and Daubar, 2017). We find

that the estimated age dates provide a consistent interpretation of
geomorphic events in the study area

5.2.1. Crater counting results
Table 5 presents crater counting ages, and crater count curves are

presented in the Supplemental Information (Fig. S14 and S15).
The inferred age of Batson crater obtained here, of ~3.55 Ga, broadly

agrees with the crater age estimate of 3.6 Ga estimate by Hargitai et al.
(2018a) (both counts disagree with the age dates in Zhang et al. (2023)),
with the Jori crater impact closely following the Batson impact. To ac-
count for interpreted glacial erosion affecting craters in the region, the
age dating in Fig. S14 utilizes only craters > 1 km diameter, which are
less likely to have been eradicated.
The mapped landforms superimposed on the five >25 km diameter

craters (Fig. 20) largely post-date the Jori impact (Fig. 21). The
geomorphic history of the study area from the Early Hesperian through
most of the Early Amazonian is uncertain until the emplacement of the
depositional aprons in Nako crater at about 1.3 Ga. In the equatorial

Fig. 21. Absolute and relative ages of the key landforms discussed in this study on a timeline (top), divided by the general landscape (top box), crater interiors, crater
uplands, and recent activity. Absolute ages derived from crater counting are presented as diffuse bars, centered on the reported age and with length corresponding to
error bounds. Relative ages are shown with arrows when only one cross-cutting relationship could be established, or as bars when pre-dating and post-dating re-
lationships could be established. The light toned unit (LTU) is shown as a regional relative timing marker with a dashed black line (See Fig. S17 for instances of
exposure). Confidence is shown in color scale: green is high, yellow is medium, black is low.
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latitudes of Mars this “missing” interval corresponds to the main epoch
of alluvial fan formation (Morgan et al., 2014; Morgan et al., 2022).
Fig. 21G indicates that at least two different glacial advances took

place, separated in time by an ice-free event marked by the deposition of
a regional mantling light toned unit (LTU), which occurred roughly ~
1Gya (Howard et al., 2021). At least two episodes of glaciation are a self-
consistent result of comparing crater ages, derived here and in the
literature, with relative age dating using exposures of the LTU.
A first stage of glaciation (stage I) spanned the SW of our region of

interest, and included Nako and possibly Salkhad craters. This is sup-
ported by LTUmantling on the depositional aprons on the north of Nako
crater, on Nako crater floor sinuous ridges, exposures on Nako and
Salkhad crater wall parallel ridges, and less clear markers on benches
exposed in Salkhad crater. The southwestern broad valleys, located SW
of Nako crater (Fig. 18) and interpreted to be tunnel valleys or other
large-scale glaciofluvial drainage corridors, are also mantled by light
toned deposits. It is not possible to establish whether these landforms are
all linked to the same glacial advance as we could not establish clear
cross-cutting relationships between the southwestern broad valleys and
Nako landforms. We refer to this event as glacial stage I, pre-dating LTU
(>1 Gya in Fig. 21).
A post-LTU glacial advance (stage II) expanded to cover a larger area,

possibly defining a regional maximum. This stage includes Batson crater
and crater rim glaciation, glaciation on the uplands south and east of the
crater at least to the Navua A Valles (most likely beyond), glaciation on
the eastern Salkhad rim, subglacial incision or reworking of valleys
located on the massif west of Batson, and a likely ice-covered Batson
crater lake, dated from LTU to <190 Ma, before the emplacement of
crater floor FSV. Lower Nako crater depositional aprons, and ridge-wall
sculpture on Salkhad western crater wall were not appreciably reworked
by glacial or fluvial activity after the light-toned deposition event, but
the situation on Salkhad depositional aprons and benches is less clear,
with evidence for both pre- and post-LTU emplacement activity dis-
cussed in section 3.4.4. The situation at Jori crater is even less clear.
Blocky material is limited to the very top of the depositional apron, but
the apparent crater-date age of the depositional apron is only 0.6 Ga
(Fig. S15). The Jori depositional apron is, however, mantled by eolian
sediment, which in places obscures craters and makes surface ages dates
unreliable.
South of Batson crater, a cluster of surface ages occurs at ~ 0.6 Ga,

including the glaciofluvial activity in Navua A Valles. This appears to
mark the cessation of glaciofluvial activity from the glacial complex on
the Batson crater southeastern exterior rim and probably also corre-
sponds to formation of the FSVs on the Batson crater depositional apron
and those in Jori crater. This termination age is consistent with the
constraining ~0.3 Ga age of the 4.6 km diameter crater superimposed on
Navua A Valles.
A big question mark is the relationship between the youngest glacial

landforms (GLFs, FSVs) and the earlier regional maximum. Facing a lack
of clear evidence, we adopt the easiest interpretation that the most
recent glaciation (last 350 Myr in Fig. 21) simply reflects the retreat of
the previous larger ice cover, with south crater rims (equator-facing)
undergoing deglaciation before pole-facing slopes, where extant ice
deposits are still located. We acknowledge, however, that several epi-
sodes of glacial advance and retreat may have occurred in the region
owing to the obliquity variability timescales (e.g., Laskar et al., 2004;
Forget et al., 2006), which are chaotic, but on average much shorter
than the span of the two individual glacial stages we were able to
distinguish.
In summary, the time period between the ~3.6 to 3.8 Ga Batson

crater impact and the oldest depositional aprons (~1.3 Ga) possibly
hosted several moderate epochs of snow and ice accumulation, for
which we have no direct evidence. The period between the emplacement
of the Nako aprons (~1.3 Ga) and the termination of Navua A Valles
activity (~0.6 Ga) experienced the greatest glacial and glaciofluvial
activity with two different glacial advances, and active subglacial fluvial
and possibly lacustrine activity. Subsequent to 0.6 Ga, subglacial melt-
water flow from the ice cover on the Batson crater southeastern exterior
slopes ceased along Navua A Valles, and glaciers in the interior of the
craters gradually waned by sublimation and minor meltwater genera-
tion. Glacial like forms (GLFs) on pole-facing slopes and possibly the
upper depositional aprons in the crater interiors still contain remnant
glacial ice.

5.3. Glaciation extent, dynamics, and environments

Ice flow direction, mapped by glacial landform type and direction, is
a useful paleo-environmental indicator of the extent, thermal state, and
ice flow rate and direction. Thick ice deposits flow and erode following
largely ice-surface slope gradients (Cuffey and Paterson, 2010), whereas

Table 5
Summary of crater-count surface age dating in the study area. Crater counting used the Crater tools add-in for ArcGIS (Kneissl et al., 2011) and the CraterStats 2
software (Michael and Neukum, 2010) for age dating. Number of craters indicates the subset of mapped craters used to fit the cumulative age curves.

Location Number of Cratersd Count Area, km2 Crater diameter
range, m

Estimated Age, Mae

(HN)
Estimated
Age, Maf

(HB)

Batson crater ejecta, NE sector 13 5651.9 103 - 104 μ3500±100 μ3400+90-200
Batson crater ejecta, SE sector 12 5331.9 103 – 104 μ3400±150 μ3300+100-500
Batson crater lower depositional aprona (BDL) 1324 1002.6 100-500 μ930±30 μ1200±30
Batson crater upper depositional aprona (BDU) 619 382.1 100-400 μ980±40 μ1300±50
Batson crater NE interior glacierb (BGNE) 24 75.5 100-500 μ240±50 μ320±60
Batson crater N interior glaciersb (BGN) 45 36.1 60-500 μ150±20 μ220±30
Nako crater NW depositional aprona (NDW) 387 186.3 100-500 μ1340±67 μ1720±86
Nako crater NE depositional aprona (NDE) 39 68.3 150-400 μ1250±200 μ1540±240
Nako crater interior glaciersb (NG) 15 11.0 30-100 μ22±6 μ40±10
Jori crater upper depositional apronb (JD) 70 34.9 80-300 μ610±70 μ880±100
Navua A Valles upstream reachb (NAU) 11 56.4 150-500 μ590±200 μ730±200
Navua A Valles middle reachb (NAM) 42 110.7 150-500 μ790±100 μ970±100
Navua A Valles downstream reachb (NAD) 15 57.5 150-500 μ620±100 μ800±200
Ejecta of 4.6 km diameter crater superimposing Navua A Vallesc (NSC) 24

30
58.2
56.8

100-350
100-350

μ250±50
μ360±50

μ330±70
μ490±90

a Plots and counting regions as in (Howard et al., 2021), but adjusted by the cumulative resurfacing correction. Parenthetical letters refer to count plots in Fig. S15.
b Plots in Figs. S14 and S15.
c Separate counts on the eastern and western halves of the ejecta blanket.
d Number of craters included in age estimation.
e HN: Uses the Hartmann and Neukum (2001) production function.
f HB: Uses the Hartmann and Daubar (2017) production function.
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thinner deposits tend to have stronger topographic controls.

5.3.1. Inferred glacial cover and flow direction
Landform distribution and orientation belonging to Stage I indicate

that Stage I ice flow was roughly organized N-S (Fig. 22b, white unit).
On Nako crater, early glaciation may have flowed from the north
basinwards from the rim, forming Nako pre-LTU depositional aprons,
and from the southern rim basinwards, incising anastomosing valleys
and depositing sinuous ridges. The massif to the south of Nako crater is a
likely glacial accumulation zone for ice to flow southwards into the
southwestern broad valleys.
LTU mantled crater-wall parallel sculpture on the western wall of

Salkhad crater indicates two generations of erosive activity, both
interpreted to be glacial scour (Table 2). The first is oriented WNW-ESE
basinwards into the crater floor, whereas the second is oriented NNW-
SSE, with neither displaying observable continuation across the Sal-
khad rim into Nako crater. The absence of crater wall parallel sculpture
across the Nako-Salkhad rim or marked rim erosion suggests that ice
flow did not scour across this divide, following instead topography
basinwards into Salkhad crater. Hence a possible configuration of ice
pre-LTU could have extended to the N and NE of Nako crater rim,
flowing basinwards into Nako crater from the north and east, and
spilling into Salkhad crater. A second body of ice pre-LTU could have
been located on the massif south of Nako crater, occasioning the valleys
flowing into Nako crater, and the SW broad valleys south from the
massif. Identified stage I landforms generally conform to topography,
suggesting the ice cover was localized to this massif and the north of
Nako crater rim.
Ice flow direction in Stage II (post-LTU) indicates a much more

generalized NNE-SSW direction not necessarily conforming with
topography (Fig. 22b, blue unit). This is visible in the orientation of
landforms in Batson crater, on the uplands east and south of Batson
crater and east of Salkhad crater, notably in the drainage direction of

shallow depressions, hummocky infill of inferred GHCs, divide-crossing
channels, and depositional apron distribution (Fig 22b, arrows on the
blue unit).
The spatial distribution of the glacial landforms inferred on Batson

crater south and east uplands, as well as their overlapping relationships,
suggest the following causal association. Isolated, disconnected shallow
depressions naturally occurring on the crater rim would be partially
filled with subglacial meltwater, which would increase in pressure
following the input of surface melt up to a critical threshold, where they
would become connected. Meltwater then would flow between these
depressions (‘linked subglacial cavities’) at high water pressure and high
discharge, routing towards the S, producing hummocky fill (Vérité et al.,
2023). As water pressure decreased and discharge increased, drainage
became more organized into the inferred glaciofluvial hummocky cor-
ridors, to drain into the Navua A Valles. Meltwater in the Navua A Valles
subglacial channel would have flowed at high discharge to the ice
margin. Whereas our work did not identify a candidate ice margin in the
study site, further work will follow the Navua Valles system to identify
possible ice marginal features.
The depth and density of valley incision exhibits a strong asymmetry

in Batson, Salkhad, and Nako craters, such that south-facing interior
rims are incised to a much greater extent than north-facing rims (Figs. 1,
20). Either or both relief and climatological factors might contribute to
this pattern. The southern sections of the rims of these craters have
lower relief relative to the north rims. Rim relief has been identified as
contributing factor to the incision of valley walls creating alluvial fans
(Moore and Howard, 2005; Wilson et al., 2021; Morgan et al., 2022).
Jori crater incision is greatest on the southeastern crater interior wall
where the relief is enhanced due to superposition of Batson and Jori
crater rims. McCauley crater has only modest rim incision, however,
despite the relief of the northern rim equaling or exceeding that of the
north walls of Batson, Nako, and Salkhad craters. Rim orientation, rim
relief, orbital parameters such as obliquity, and latitude, all play a role in

Fig. 22. Main drainage routes and inferred ice extent on the crater uplands. (a) Valleys that display one or more attributes distinctive of subglacial erosion, color
coded by distinguishing attribute. (b) Approximate inferred extent of ice cover for stage I (white) and stage II (blue) glacial advances, as well as current GLF deposits
(‘young glaciers’), based on age dating of interpreted glacial landforms and their direction. Boundaries are highly speculative (marked ‘?’), and ice thickness is
unconstrained. The interior of the craters may have hosted ice-covered lakes or subglacial lakes. Main drainage divides are shown in yellow.
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determining solar insolation conditions, which may enhance ice and
snow melt on south-facing slopes (e.g., Clow, 1987) and facilitate ice
erosive activity.
In addition to the two stages, two styles of glaciation are inferred: (1)

crater rim glaciers (Alpine-style glaciation), characterized by cirques,
deeply-incised valleys, moraine ridges, and proglacial systems (shown as
‘Young glaciers’ in Fig. 22b). (2) Plateau glaciers/ice caps, extending
beyond and above craters onto the uplands (shown as colored polygons
in Fig. 22b). In Fig. 22b, we inferred ice cover and ice boundaries from
the presence and direction of subglacial pathways shown in Fig. 22a.
Meltwater drainage routes follow ice surface slopes, which in turn
should be roughly perpendicular, and appear in proximity to the ice
margin. Note that the interior lakes of all craters may have been covered
by thick glacial ice, implying a much more extensive, regional glacia-
tion, or maybe perennially ice-covered lakes implying much more
localized ice extent. We cannot differentiate one from the other case
with our current observations, so we chose the second, more conserva-
tive scenario. These subglacial meltwater landforms indicate this areally
extensive glaciation was at least partially warm or polythermal-based,
whereas the three types of meltwater routes identified inform the na-
ture of the subglacial hydraulics.
The basal melting of the inferred glacial ice formerly covering por-

tions of the study region may have been enhanced by a high regional
geothermal gradient. (Levy et al., 2017) identify a 400 m deep depres-
sion in the center of the ice-covered floor of Jori crater (Fig. 1), which
they attribute to a local subsurface geothermal source inducing melting
and collapse of the ice. They also identified a smaller collapse feature on
the floor of Salkhad crater. Butcher et al. (2017, 2021), and Gallagher
et al. (2021) implicate elevated geothermal heating to explain formation
of eskers in other locations on Mars. Warmer ice may have in turn
enhanced strain rates and internal frictional strain heating, contributing
to melt production (Cuffey and Paterson, 2010).
Glaciation was locally extensive, but was likely not part of a large

continental ice sheet complex. This hypothesis is supported by two
factors: McCauley crater to the north or Jori crater has been only
modestly affected by glacial activity. Also, there is significant variability

in the subglacial drainage directions around Batson crater, suggesting
either temporal variations on drainage direction, or most likely ice
surface slope influenced by local rather than regional basal topography.
The obvious influence of the main drainage divides on the subglacial
drainage directions (Fig. 22b, yellow lines) further support smaller ice
caps instead of a large-scale ice sheet. Ice retreat, starting roughly ~0.6
Ga ago, followed plateau style glaciation and remnant ice deposits
retreated to the crater rims and originated Alpine-style crater rim
glaciers.

5.3.2. Subglacial environments and terrestrial analogues
Table 4 presents landforms belonging to a range of glacial and sub-

glacial environments, from very high to low energy. Depositional
aprons, basinward scarps and crater wall benches, as well as pancake
deltas, suggest the presence of an ice-covered lake, perhaps subglacial,
inside Batson, Nako and Salkhad craters. Subglacial and ice-covered
lakes are commonly found under ice sheets and ice caps on Earth,
with Lake Vostok under the Antarctic ice sheet being the most obvious
example. Depending on their degree of connection with the subglacial
drainage system, subglacial lakes make be seasonal, filling and draining
with the availability of surface meltwater, or stable over millions of
years.
Stable subglacial lakes define a generally low energy system, albeit

with pressurized water input events characterized by discharges
comparatively larger than open or ice-covered lakes with outlets. Ravier
et al. (2014) described a terrestrial subglacial delta in Ireland hosting
sediments ranging from planar parallel-laminated and ripple
cross-laminated sand to massive and normally graded gravel, describing
a higher energy environment than characteristic of open lakes. A similar
environment could have characterized an interior lake in Batson, Nako
and Salkhad craters. Glacio- lacustrine environments such as in Batson
crater define potentially habitable environments well into the Amazo-
nian period on Mars, with terrestrial subglacial analogue lakes known to
host microscopic life forms (Abyzov et al., 2001).
Fig. 23 illustrates a possible state of glaciers and ice-covered lakes in

and southeast of Batson crater at the maximum extent of glacial activity

Fig. 23. Concept of ice conditions at time of formation of depositional apron scarps in and south of Batson crater along profiles A-A’ and B-B’, with the present land
surface indicated by blue lines. Glaciers are yellow, lake ice is dark blue, sub-ice lakes are blue, depositional apron sediment is green (thickness uncertain), and
depositional apron scarps are red. Where ice surface is sloped glacial ice is present, with episodic basal meltwater feeding into the lake (not illustrated). In the center
of Batson crater an ice-covered lake is postulated, with spatially-varying ice thickness of up to 400 m. The apron scarps are interpreted to be formed by sedimentation
at the boundary between glacial ice and lake ice cover. The local depressions at the foot of the apron scarps (arrows) may be formed by scour by subglacial drainage
into the lake. Subglacial lakes are also inferred to be present in depressions on the southeastern exterior flank of Batson crater.
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during stage II. The interior and exterior crater slopes are hypothesized
to have been under a thick ice cover. In the interior of Batson crater,
crater rim glaciers terminated at an ice-covered lake. Shallower basins
on the exterior slopes hosted subglacial lakes. Basal runoff from the
glaciers on the interior crater rim helped to incise the deep rim valleys
and contributed sediment to the upper parts of the depositional aprons.
The apron scarps (red lines along profiles in Fig. 23) are suggested to
have formed by sedimentation (or possibly erosion of previous deposi-
tional apron deposits) at the interface between the glaciers and the ice-
covered lakes. The shallow depressions basinward of the scarps (“*”s in
Fig. 20) may have been excavated by subglacial runoff feeding into the
lake. Batson crater is a nearly closed hydrological system. Subglacial
runoff would have raised the level of the basin-center lake, encouraging
sediment deposition on the depositional apron at and upstream of the
interface between the glaciers and the lakes, thereby creating the
elevated depositional apron and associated scarps. The ~300 m differ-
ence of apron scarp elevations within Batson crater (Fig. 8) are sug-
gested in Fig. 23 to result from areal differences of the elevation of the
ice-water elevation within the basin-central lake, as discussed in section
3.4.2.1. Subglacial overflows of enclosed basins on the exterior rim of
Batson crater (right side of profile A-A’ in Fig. 23) resulted in the
excavation of subglacial valleys, general fluvial scour and formation of
blocky material.
Contrastingly, the suite of landforms composed by the connected and

isolated shallow depressions on Batson crater rim, and the shallow
troughs filled by hummocks on the uplands southeast of Batson crater,
interpreted as subglacial interconnected cavities and glaciofluvial
hummocky corridors (GHC) respectively (Table 4), exemplify high en-
ergy environments. GHC and interconnected subglacial cavities are both
fingerprints of hydraulically connected distributed subglacial drainage
systems (Lewington et al., 2020; Simkins et al., 2023; Vérité et al.,
2023). Drainage dynamics in GHCs, including discharge, pressure gra-
dients, connectivity, and the resulting sedimentary record, are inti-
mately linked to meltwater availability and bed properties (Schoof,
2010; Ojala et al., 2022; Vérité et al., 2023). GHCs could also originate
as focused subglacial flood events following water release from a sub-
glacial water body (Sharpe et al., 2021; Shaw, 2002). Fig. 16c shows a
detailed image of these hummocks (arrows), which display a hydrody-
namic lee/stoss asymmetry and in occasions an angular shape (arrows).
This morphology suggests that these hummocks could in fact be mur-
toos, V-shaped subglacial hummocky landforms associated with large
subglacial meltwater fluxes formed by till deposition and sedimentation
from meltwater with subsequent deformation, likely from supraglacial
input during periods of enhanced meltwater supply (Peterson et al.,
2017; Peterson and Johnson, 2018; Vérité et al., 2023). Inferred GHCs
and connected cavities in the region thus may be relicts of a
time-transgressive, subglacial drainage system, evolving to accommo-
date larger meltwater inputs and higher discharges and pressures (Vérité
et al., 2023).
Subglacial interconnected cavities, identified here as shallow de-

pressions partially infilled with hummocks and poorly connected with
neighboring depressions, develop when subglacial water drainage ac-
cumulates in points of minimum hydraulic potential, which can occur
due to local depressions (Flowers, 2015; Livingstone et al., 2022).
Subglacial cavities store basal meltwater until the lake hydropotential
seal breaks, which can occur either by increased water pressure or by
enhanced cavity leakage. At this point cavities become an active supplier
of highly pressurized water, flowing at low discharges in weakly con-
nected meltwater corridors and orifices (Kamb, 1987; Flowers, 2015).
On another hand, glaciofluvial hummocky corridors on the southeastern
Batson exterior rim are part of the subglacial hydraulically connected
distributed drainage, supplying more efficient drainage than linked
cavities, and less efficient drainage than subglacial channels, and rep-
resented by very high discharges and high water pressures (Lewington
et al., 2020). Finally, subglacial channels constitute efficient, channel-
ized drainage systems under ice covers, characterized by low pressure

and high discharge (Figs. 13-18, 21, S12). Both subglacial channels and
glaciofluvial hummocky corridors represent high and very high energy
environments.

5.3.3. Earth-Mars glacial hydrology comparison
Evidence for any former presence of regional glaciation on Mars is

likely to be cryptic relative to Earth. Many of the distinctive landforms of
terrestrial valley glaciers and ice caps would likely be absent or muted in
martian glacier systems due to the lower gravity, which greatly di-
minishes the scouring potential due to decreased ice sliding (Grau
Galofre et al., 2022). This includes U-shaped valleys, arêtes, glacial
scour features, landforms consisting of glacial till deposition such as
drumlins, lineations, moraines, and irregular topography with roche
moutonées and depressions. The rims of the larger craters in the study
region are often rounded at the kilometer scale, lacking the steep
sculpting of terrestrial alpine glaciation. On the other hand, the lower
martian gravity reduces glacial flow rates relative to Earth, stabilizing
subglacial drainage due to decreased closure and collapse rates of cav-
ities and tunnels (Grau Galofre et al., 2022). Thus, landforms resulting
from subglacial meltwater erosion and glacio-fluvial deposition may
provide the strongest evidence for former glacial extent.

5.4. Comparison with other studies of martian ice-related landform
evolution

Whereas there is ample direct and indirect evidence for glacial epi-
sodes throughout Mars history, from modern viscous flow features to ice
accumulation climate models, relatively few studies have addressed the
role of ice in modifying the host terrain. An exception to this has been
the controversial suggestion that melting of Noachian/Early Hesperian
equatorial ice sheets has been responsible for excavating the valley
networks, based on the difficulty for atmospheric modeling to create a
warm enough climate to produce rain (e.g., Head and Marchant, 2014;
Grau Galofre et al., 2020). Networks of broad, sinuous ridges occur on
the floor of dozens of craters in the equatorial region (e.g., Boatwright
and Head, 2023). Unlike the narrow sinuous ridges we attribute to
formation as eskers, equatorial crater floor ridges are organized into
networks indicative of erosional inversion of fluvial deposits (Davis
et al., 2019; Boatwright and Head, 2021, 2022a, 2022b, 2023; Gullikson
et al., 2023). Boatwright and Head (2021, 2022b) attribute the deposits
forming through top-down melting of cold-based glaciers on the crater
rims during the Noachian/Hesperian boundary. Bouquety et al. (2019,
2020) identified possible cirques in crater interiors and proglacial val-
leys on crater exterior slopes in the equatorial highlands based on valley
and headwall morphometry. Rather than top-down melting, they sug-
gested fluvial runoff from polythermal ice caps on uplands and crater
rims during the Noachian/Hesperian transition. By contrast, Boffo et al.
(2022) conclude that subglacial runoff could have occurred beneath
equatorial ice sheets if the geothermal gradient was sufficiently high. In
the mid to high latitudes evidence for subglacial runoff from this age is
more definitive. Numerous eskers are exposed at high southern latitudes
in the Dorsa Argentea Formation, dated 3.4-3.8 Ga (e.g., Howard, 1981;
Head and Pratt, 2001; Butcher et al., 2016) and the floor of the Argyre
basin, dated ~3.6 Ga (e.g., Banks et al., 2009; Bernhardt et al., 2013).
Several studies have identified eskers emerging from sublimation of

Amazonian ice deposits (Gallagher and Balme, 2015; Butcher et al.,
2017, 2020, 2021; Gallagher et al., 2021; Woodley et al., 2022), con-
firming wet-based glacial activity. Gallagher et al. (2021) also suggest
the presence of tunnel valleys in the Phlegra Montes as well as glacial
basal scour creating whaleback hills, glacial troughs, and parallel
grooving.

6. Conclusions

The interiors and exteriors of Batson, Nako, Salkhad, and Jori craters
(and McCauley crater to a lesser degree) were extensively modified by
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glaciofluvial and glacio-lacustrine activity during the Early to Middle
Amazonian, from somewhat before 1.3 Ga. Modifications included
dissection of crater interior rims, emplacement of depositional aprons,
moderate incision and sedimentation on crater exteriors, and subglacial
runoff east to south of Batson crater and through Navua A Valles. Glacial
sculpture in crater modification in this region is partly cryptic because of
its primary manifestation through glaciofluvial activity. The case for
glacial involvement is based on diagnostic geomorphic features:

• Remnant glaciers occur on the interior rims of Batson and Nako
craters within deeply incised valley walls. Evidence indicates that
these valley glaciers were formerly thicker but have shrunk through
sublimation as well as having sourced meltwater that excavated a
network of shallow, sinuous valleys into the depositional aprons.

• Incision of the deep valleys on the interior of the craters may have
occurred through runoff from snowmelt prior to the main glacial
activity, or by glacial and glaciofluvial processes related to
glaciation.

• Portions of the headwater channel systems and channels debouching
onto crater floors display incised reticulate to anastomosing topol-
ogy, characteristic of subglaciofluvial incision.

• Distributary sinuous ridges lead from channels draining into crater
floors toward the basin interiors: the morphology of these is not
distinctive of inverted channels or eskers. Single sinuous ridges occur
within valleys draining the exterior slopes of Batson crater and
centrally within Navua A Valles. These are best interpreted as eskers.

• Depositional aprons in Batson and Nako craters feature basinward-
facing, rounded scarps with ~150 m of relative relief. Narrow
benches also occur on the northern lower interior walls of Nako and
Salkhad craters. We infer basinward apron scarps to have formed
near the contact between glaciers on the crater walls and perennially
ice-covered lakes in the crater interior (e.g., Figs. 22, 23).

• Portions of the interior crater walls of Batson, Nako, and Salkhad
craters feature crater wall parallel ridges. In Salkhad crater these
ridges are parallel over about a third of the western crater wall
despite circumferential change in the orientation of the crater wall.
We interpret these ridges to have formed by glacial scour toward a
basin-center ice-covered lake.

• On the exterior slopes of Batson crater numerous valleys cross di-
vides between depressions. Whereas some of these valleys breach the
divides, others have convex profiles when crossing the divide. We
interpret these valleys to have formed by subglacial runoff crossing
divides under pressurized flows.

• Groups of hummocks occur on the exterior rim of Batson crater,
primarily located in relative depressions and within linear troughs
draining toward Navua A Valles. Individual hummocks range up to
more than 100 m in size. We interpret them as glaciofluvial hum-
mocks within subglacial corridors on the basis of the similarity with
terrestrial formerly glaciated terrains.

• A 65 km wide expanse of southeastern exterior slopes of Batson
crater between the crater rim and Navua A Valles features linear
troughs, parallel with a NNW-SSE orientation that is not radial to
Batson crater. Some of these troughs are infilled with hummocks. We
attribute this texturing to runoff in glaciofluvial hummocky corridors
beneath an ice sheet covering the eastern and southeastern flanks of
Batson crater.

We infer that the rims of Batson, Nako, Salkhad, and Jori craters were
encased in glacial ice that extended across the interior crater slopes and
partway onto the crater floor, interacting with ice-covered lakes in the
basin centers (Fig. 22b). The eastern and southeastern exterior of Batson
crater were covered by a plateau glacier, which is also inferred to have
covered the upland plateau west of Batson crater, extending southward
to the Navua A Valles at the southern end of the study area. Basal glacial
meltwater, possibly produced by a locally-enhanced geothermal
gradient, sculpted many of the fluvial features of the study region. The

detailed sequence of glacial extent and glacial runoff is largely uncer-
tain, but likely occurred in at least two episodes of advance. The low
martian gravity relative to Earth is the primary reason that past glacial
activity on Mars is most likely evidenced by glaciofluvial morphology
rather than by direct sculpting by glacial scouring (Grau Galofre et al.,
2022). The detailed description of all landforms presented in this paper,
their context, distribution, and spatial association are intended to be
used as guidance for aiding in the search for glacial and glaciofluvial
sculpture elsewhere on the cratered landscapes of Mars.
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Ojala, A.E., Mäkinen, J., Kajuutti, K., Ahokangas, E., Palmu, J.P., 2022. Subglacial
evolution from distributed to channelized drainage: evidence from the Lake Murtoo
area in SW Finland. Earth surface processes and landforms 47 (12), 2877–2896.

Osinski, G.R., Lee, P., Spray, J.G., Parnell, J., Lim, D.S.S., Bunch, T.E., Cockell, C.S.,
Glass, B., 2005. Geological overview and cratering model for the Haughton impact
structure, Devon island, Canadian high Arctic. Meteorit. Planet. Sci. 40, 1759–1776.
https://doi.org/10.1111/j.1945-5100.2005.tb00145.x.

Palucis, M.C., Dietrich, W.E., Hayes, A.G., Williams, R.M.E., Gupta, S., Mangold, N.,
Newsom, H., Hardgrove, C., Calef, F.I., Sumner, D.Y., 2014. The origin and evolution
of the Peace Vallis fan system that drains to the Curiosity landing area, Gale Crater,
Mars. J. Geophys. Res. Planets 119. https://doi.org/10.1002/2013JE004583.

Palucis, M.C., Dietrich, W.E., Williams, R.M.E., Hayes, A.G., Parker, T., Sumner, D.Y.,
Mangold, N., Lewis, K., Newson, H., 2016. Sequence and relative timing of large
lakes in gale crater (Mars) after the formation of mount sharp. J. Geophys. Res,
Planets 121, 472–496. https://doi.org/10.1002/2015JE004905.

Palucis, M.C., Jasper, J., Garczynski, B., Dietrich, W.E., 2020. Quantitative assessment of
uncertainties in modeled crater retention ages. Icarus 341, 113623 doi:
10.111016.112020.113623.

Parker, G., 1975. Meandering of supraglacial melt streams. Water Resour. Res. 11,
551–552. https://doi.org/10.1029/WR011i004p00551.

Parsons, R.A., Moore, J.M., Howard, A.D., 2013. Evidence for a short period of
hydrologic activity in Newton crater, Mars, near the Hesperian-amazonian
transition. J. Geophys. Res. 118, 1082–1093. https://doi.org/10.1002/jgre.20088.

Parsons, R.A., Kanzaki, T., Hemmi, R., Miyamoto, H., 2020. Cold-based glaciation of
Pavonis Mons, Mars: evidence for moraine deposition during glacial advance. Prog.
Earth Planet. Sci. 7 (13) https://doi.org/10.1186/s40645-020-0323-9.

Perron, J.T., Dietrich, W.E., Howard, A.D., McKean, J.A., Pettiga, J.R., 2003. Ice-driven
creep on Martian debris slopes. Geophys. Res. Lett. 30 (14), 1747. https://doi.org/
10.1029/2003GL017603.

Peterson, G., Johnson, M.D., 2018. Hummock corridors in the south-central sector of the
Fennoscandian ice sheet, morphometry and pattern. Earth Surf. Process. Landf. 43,
919–929. https://doi.org/10.1002/esp.4294.

Peterson, G., Johnson, M.D., Smith, C.A., 2017. Glacial geomorphology of the south
Swedish uplands - focus on the spatial distribution of hummock tracts. J. Maps 13,
534–544. https://doi.org/10.1080/17445647.2017.1336121.

Plaut, J.J., Safaeinili, A., Holt, J.W., Phillips, R.J., Campbell, B.A., Carter, L.M.,
Leuschen, C., Gim, Y., Seu, R., Team, S., 2008. Radar evidence for ice in lobate debris
aprons in the mid-northern latitudes of Mars. Lunar Planet. Inst. Conf. Abstracts 39,
2290.

Quantin-Nataf, C., Lozac’h, L., Thollot, P., Loizeau, D., Bultel, B., Fernando, J.,
Allemand, P., Dubuffet, F., Poulet, F., Ody, A., Clenet, H., Leyrat, C., Harrisson, S.,
2018. MarsSI: Martian surface data processing information system. Planet. Space Sci.
150, 157–170. https://doi.org/10.1016/j.pss.2017.09.014.

Rains, R.B., Shaw, J., Sjogren, D.B., Munro-Stasiuk, M.J., Skoye, K.R., Young, R.R.,
Thompson, R.T., 2002. Subglacial tunnel channels, Porcupine hills, southwest
Alberta, Canada. Quat. Int. 90, 57–65. https://doi.org/10.1016/S1040-6182(01)
00092-1.

Ramirez, R.M., Craddock, R.A., 2018. The geological and climatological case for a
warmer and wetter early Mars. Nat. Geosci. 11, 230–237. https://doi.org/10.1038/
s41561-018-0093-9.

Ramirez, R.M., Craddock, R.A., Usui, T., 2020. Climate simulations of early Mars with
estimated precipitation, runoff, and erosion eates. J. Geophys. Res. Planets 125,
e2019JE006160. https://doi.org/10.1029/2019JE006160.

Ravier, E., Buoncristiani, J.F., Clerc, S., Guiraud, M., Menzies, J., Portier, E., 2014.
Sedimentological and deformational criteria for discriminating subglaciofluvial

A. Grau Galofre et al.

https://doi.org/10.1002/jgrf.20135
https://doi.org/10.1016/j.earscirev.2012.02.002
https://doi.org/10.1016/j.earscirev.2012.02.002
https://doi.org/10.1016/j.pss.2010.03.015
https://doi.org/10.1002/esp3290180705
https://doi.org/10.1016/j.epsl.2009.11.021
https://doi.org/10.1016/j.icarus.2007.09.028
https://doi.org/10.1016/j.icarus.2007.09.028
https://doi.org/10.1029/2001JE001831
https://doi.org/10.1029/2001JE001831
https://doi.org/10.1029/2002GL015392
https://doi.org/10.1029/2002GL015392
https://doi.org/10.1016/j.icarus.2004.04.005
https://doi.org/10.1016/j.icarus.2010.03.036
https://doi.org/10.1002/2014JE004685
https://doi.org/10.1016/j.icarus.2016.10.021
https://doi.org/10.1016/j.icarus.2016.10.021
https://doi.org/10.1073/pnas.201597118
https://doi.org/10.5194/tc-14-2949-2020
https://doi.org/10.1130/G22145.1
https://doi.org/10.1038/s43017-021-00246-9
https://doi.org/10.1016/S0012-8252(00)00038-6
https://doi.org/10.1016/S0012-8252(00)00038-6
https://doi.org/10.1029/2002JE001900
https://doi.org/10.1029/2002JE001900
https://doi.org/10.1029/2002JE001885
https://doi.org/10.1016/j.icarus.2013.05.040
https://doi.org/10.1002/2015WR017075
https://doi.org/10.1029/2020GM000943
https://doi.org/10.1029/2010JE003739
https://doi.org/10.1029/2005JE002605
https://doi.org/10.1038/313561a0
http://refhub.elsevier.com/S0019-1035(24)00271-9/rf0670
http://refhub.elsevier.com/S0019-1035(24)00271-9/rf0670
https://doi.org/10.1029/2009JE003429
https://doi.org/10.1029/2009JE003429
https://doi.org/10.1016/j.icarus.2013.07.004
https://doi.org/10.1016/j.epsl.2009.12.041
https://doi.org/10.1029/2004JE002352
https://doi.org/10.1006/icar.2001.6736
https://doi.org/10.1016/j.icarus.2013.11.007
https://doi.org/10.1016/j.icarus.2013.11.007
https://doi.org/10.1016/j.icarus.2022.115137
https://doi.org/10.1016/j.icarus.2022.115363
https://doi.org/10.1016/j.icarus.2022.115363
https://doi.org/10.1038/35086515
https://doi.org/10.1003/(SICI)1096-9837(199603)21:3<217::AID-ESP611>3.0.CO;2-U
https://doi.org/10.1003/(SICI)1096-9837(199603)21:3<217::AID-ESP611>3.0.CO;2-U
https://doi.org/10.1130/SPE274, Boulder
http://refhub.elsevier.com/S0019-1035(24)00271-9/optiDIyzGGS0s
http://refhub.elsevier.com/S0019-1035(24)00271-9/optiDIyzGGS0s
http://refhub.elsevier.com/S0019-1035(24)00271-9/optiDIyzGGS0s
https://doi.org/10.1111/j.1945-5100.2005.tb00145.x
https://doi.org/10.1002/2013JE004583
https://doi.org/10.1002/2015JE004905
http://refhub.elsevier.com/S0019-1035(24)00271-9/rf0740
http://refhub.elsevier.com/S0019-1035(24)00271-9/rf0740
http://refhub.elsevier.com/S0019-1035(24)00271-9/rf0740
https://doi.org/10.1029/WR011i004p00551
https://doi.org/10.1002/jgre.20088
https://doi.org/10.1186/s40645-020-0323-9
https://doi.org/10.1029/2003GL017603
https://doi.org/10.1029/2003GL017603
https://doi.org/10.1002/esp.4294
https://doi.org/10.1080/17445647.2017.1336121
http://refhub.elsevier.com/S0019-1035(24)00271-9/rf0775
http://refhub.elsevier.com/S0019-1035(24)00271-9/rf0775
http://refhub.elsevier.com/S0019-1035(24)00271-9/rf0775
http://refhub.elsevier.com/S0019-1035(24)00271-9/rf0775
https://doi.org/10.1016/j.pss.2017.09.014
https://doi.org/10.1016/S1040-6182(01)00092-1
https://doi.org/10.1016/S1040-6182(01)00092-1
https://doi.org/10.1038/s41561-018-0093-9
https://doi.org/10.1038/s41561-018-0093-9
https://doi.org/10.1029/2019JE006160
http://refhub.elsevier.com/S0019-1035(24)00271-9/optLULLyWGZUC
http://refhub.elsevier.com/S0019-1035(24)00271-9/optLULLyWGZUC


Icarus 420 (2024) 116211

38

deposits from subaqueous ice-contact fan deposits: AP leistocene example (I reland).
Sedimentology 61 (5), 1382–1410.

Rodriguez, J.A.P., Noe Dobrea, E., Kargel, J.S., Baker, V.R., Crown, D.A., Webster, K.D.,
Berman, D.C., Wilhelm, M.B., Buckner, D., 2020. The oldest highlands of Mars may
be massive dust fallout deposits. Nat. Commun. 10, 10347. https://doi.org/10.1038/
s41596-020-64676-z.

Schoof, C., 2010. Ice-sheet acceleration driven by melt supply variability. Nature 468
(7325), 803–806.

Sharpe, D.R., Lesemann, J.-E., Knight, R.D.B.A.K., 2021. Regional stagnation of the
western Keewatin ice sheet and the significance of meltwater corridors and esker,
northern Canada. Can. J. Earth Sci. 58, 1005–1026. https://doi.org/10.1139/cjes-
2020-0136.

Shaw, J., 2002. The meltwater hypothesis for subglacial bedforms. Quat. Int. 90, 5–22.
https://doi.org/10.1016/S1040-6182(01)00089-1.

Simkins, L.M., Greenwood, S.L., Winsborrow, M.C.M., Bjarnadóttir, L.R., Lepp, A.P.,
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Gambicori, L., Gerber, T., Ghose, K., Gruber, M., Gubler, P., Mischler, H., Jost, J.,
Piazza, D., Pommerol, A., Reider, M., Roloff, V., Servonet, A., Trottman, W.,
Uthaicharoenpong, T., Zimmermann, C., Vernani, D., Johnson, M., et al., 2017. The
Colour and stereo surface imaging system (CaSSIS) for the ExoMars trace gas orbiter.
Space Sci. Rev. 212, 1897–1944. https://doi.org/10.1007/s11214-017-0421-1.

Trottier, A.-P., Lajeunesse, P., Gagnon-Poiré, P., 2020. Morphological signatures of
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