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ABSTRACT

The formation of martian layered ejecta craters (LECs), which have one or multiple distinctive fluidized layered
ejecta deposits, is generally hypothesized to be directly related to subsurface volatiles. Using a high-resolution (5
m/pixel) context camera (CTX) mosaic as a base map, 525 LECs (including 157 newly identified) were cata-
logued in the Chryse Planitia and divided into three types according to the number of layered ejecta, i.e., single
layer ejecta (SLE), double layer ejecta (DLE), and multiple layer ejecta (MLE). It is found that the minimum crater
diameter (here called the onset diameter) decreases with increasing latitude, and could be as small as 1 km. The
average ejecta mobility (EM) values usually increase from the low to the high latitude interval for each LEC type
and gradually increase with the number of layered ejecta within each latitude interval. The lobateness values of
the SLE craters have a decreasing trend with increasing latitude, however, such a trend is not obvious for the DLE
and MLE craters. The absolute model ages (AMAs) of 135 LECs were determined from the crater size-frequency
distribution (CSFD) method to constrain the timing of the fluvial activities of the circum-Chryse outflow channels
and to investigate the local temporal-spatial evolution of the subsurface volatile-rich layer. The superposition
relationship between the LECs and circum-Chryse channels suggests fluvial activity might have extended into the
early Amazonian. Floods that carved the Ares, Tiu, and Simud Valles likely ended before ~p2.7 Ga, while those
relating to theVedra, Manmee, and Maja Valles ceased between ~p2.2 Ga and ~ p1.9 Ga. The fluvial resurfacing
activities in the Kasei Valles likely did not last past ~p2.8 Ga. The dating results and excavation depths of LECs
(diam. < 6 km) suggest that the minimal roof depth of the volatile-rich layer has remained relatively stable at
least around 560- 590 m since the early Amazonian, and regional differences indicate that it could be as shallow
as ~440 m at high latitudes and ~540 m at low latitudes.

1. Introduction

images acquired by the Mariner 9 mission (McCauley, 1973). The
layered ejecta morphology differs notably from the radial ejecta patterns

Impact cratering, one of the prominent geomorphological modifiers
of the martian surface, potentially allows inferences about the subsur-
face composition and properties. Layered ejecta craters (LECs), which
are characterized by one or multiple distinctive fluidized layered ejecta
deposits (Fig. 1), were first identified on the martian surface from

that are typical of craters on other planetary bodies, e.g., the Moon and
Mercury. Mechanisms of formation other than simple ballistic
emplacement have been proposed, e.g., atmospheric drag/entrainment
model (Schultz and Gault, 1979; Barnouin-Jha and Schultz, 1998),
subsurface volatile fluidization model (Carr et al., 1977; Mouginis-Mark,
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1987), and a combination of both the atmosphere drag and volatile
fluidization models (Barlow, 2005; Komatsu et al., 2007). For instance,
layered ejecta deposits on Venus are hypothesized to have been
emplaced through interactions with the planet’s thick atmosphere under
anhydrous conditions (Schultz, 1992; Barlow and Robbins, 2015).
However, LECs have also been found on airless bodies, e.g., Europa
(Moore et al., 2001), Ganymede (Boyce et al., 2010), and even Ceres
(Hughson et al., 2019). Consequently, it is generally agreed that the
formation of these craters is mostly due to the presence of subsurface
volatiles, in particular, ice and/or water, which fluidize the ejecta
blankets upon impact (Barlow, 2005; Boyce et al., 2010; Weiss and
Head, 2017).

Previous studies have revealed that LECs are ubiquitous on the
martian surface, although with the minimum crater diameter (here
called the onset diameter) showing a latitude dependence (Mouginis-
Mark, 1979; Kuzmin et al., 1988; Costard, 1989; Barlow and Bradley,
1990; Barlow and Perez, 2003; Barlow, 2006; Robbins and Hynek,
2012b; Jones and Osinski, 2015; Li et al., 2015; Lagain et al., 2021b). For
instance, the onset diameters are typically 4 to 7 km in the equatorial
regions and are 1 to 2 km at high latitudes (50° latitudes) (Squyres et al.,
1992), suggesting a volatile-rich layer at depths of about 300- 400 m
near the equator and about 50— 100 m at 50° latitudes (Kuzmin et al.,
1988). Subsequent studies have revealed that the equatorial onset
diameter varies regionally (Barlow et al., 2001) and can be as small as 1
km in Hesperian Valles Marineris Plateaus (Reiss et al., 2005).

Using the Thermal Emission Imaging System (THEMIS) daytime
infrared mosaic (100 m/pixel) as a base map, Robbins and Hynek
(2012b), Barlow (2015), and Li et al. (2015) discovered a large number
of LECs on the martian surface, suggestive of the presence of one or
multiple volatile-rich layer(s) at the time of impact. However, due to the
limitation in image resolution, only LECs with a diameter >5 km
(Barlow, 2015), 3 km (Robbins and Hynek, 2012b), and 1.5 km (Li et al.,
2015) were included in their respective research. With the release of the
global high-resolution (5 m/pixel) context camera (CTX) mosaic
(Dickson et al., 2018), it is now possible to re-investigate and catalogue
LECs of much smaller sizes down to about one kilometer in diameter. In
addition, Squyres et al. (1992) suggested that the LECs may have formed
over a significant time interval and that the onset diameter reflects the
volatile depth at a given time. Subsequent studies have supported this
hypothesis (Barlow, 2004; Kadish and Head, 2014; Jones, 2015),
although without deriving the temporal-spatial geological evolution of
the subsurface volatile-rich layer.

As the LECs play an important role in interpreting the subsurface
volatiles, this study plans to take full advantage of the CTX mosaic to
catalogue the LECs in a region where many have already been identified
(Robbins and Hynek, 2012a; Li et al., 2015; Lagain et al., 2021b), i.e.,
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Chryse Planitia and tries to investigate their paleoenvironment impli-
cations, e.g., the timing of the fluvial activities of the circum-Chryse
outflow channels and the temporal-spatial evolution of the subsurface
volatile-rich layer.

2. Study area

The Chryse Planitia, located within the northern lowlands near the
Mars dichotomy (Fig. 2a-b), represents an ancient, giant impact basin
that was subsequently flooded and severely eroded (Schultz et al., 1982;
Carr and Head, 2010; Pan et al., 2019). The formation of LECs is usually
hypothesized to be directly related to the presence of subsurface vola-
tiles, which might be historically recharged by the outflow channels
surrounding Chryse Planitia (Carr and Head, 2010). Consequently, the
Chryse Planitia represents an ideal survey place for a detailed mapping
of LECs.

Chryse Planitia is a smooth, quasi-circular plain ~1500 km in
diameter with an average altitude of —3.7 km (Fig. 2c-d). Due to the
general topography and setting being broadly similar to that of the Isidis
basin, a giant impact origin for the Chryse Planitia was first hypothe-
sized by Schultz et al. (1982) and subsequently validated by Pan et al.
(2019). The Chryse Planitia has been associated with an ancient large
body of water (Parker et al., 1993; Moore et al., 1995), from which many
giant Hesperian circum-Chryse outflow channels debouched and fed
into the northern lowlands, e.g., Kasei Valles, Vedra Valles, Maumee
Valles, Maja Valles, Tiu Valles, Simud Valles, and Ares Vallis (Fig. 2a)
carving out huge channels and teardrop-shaped islands. To search for
signs of life and past fluvial processes, the Viking 1 (Mutch et al., 1976)
and the Mars Pathfinder (Golombek et al., 1997) missions targeted the
Chryse Planitia and conducted in situ measurements and experiments
(Fig. 2a). However, the surface of the Viking 1 landing area was found to
be a boulder-strewn desert with a distinctively reddish hue with both
impact and aeolian processes being evident (Mutch et al., 1976). In
contrast, rounded pebbles and cobbles in the Mars Pathfinder landing
area are suggestive of lasting fluvial processes, implying liquid water in
equilibrium with the atmosphere and thus a warmer and wetter past was
suggested (Golombek et al., 1997).

The maximum elevation difference between the Chryse Planitia and
surrounding terra is about 8000 m (Fig. 2a) and several geological units
have been proposed to characterize its surface (Fig. 2b). However, the
study area (outlined by the black dashed circle in Fig. 2a) is located
within the relatively flat bottom of the Chryse basin, with height dif-
ferences in most locations being <700 m (Fig. 2c-d). It is largely
dominated by the Hesperian transition outflow (Hto) unit and late
Hesperian lowland (IHI) unit (Fig. 2b). Therefore, the study area is
considered morphologically uniform, and its geological diversity and

Fig. 1. Examples of different types of LECs. (a) single layer ejecta crater (41.63°W, 27.05°N, D = 9.3 km); (b) double layer ejecta crater (51.24°W, 23°N, D = 8.5

km); (c) multiple layer ejecta crater (34.17°W, 29.57°N, D = 13.8 km).
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Fig. 2. (a)Mars Orbiter Laser Altimeter (MOLA) (Smith et al., 2001) topography context of the Chryse Planitia and surrounding terra. (b) Geology map of the Chryse
Planitia and surrounding terra (Tanaka et al., 2014). (c) MOLA elevation of the study area. (d) Histogram of MOLA elevation of the study area. (a)-(c) are shown in
orthographic projection with center at 40°W, 28°N. The dashed circle marks the approximate boundary of the Chryse Planitia, i.e., the study area.

elevation should have only a marginal impact on the objectives of this
study.

3. Data and methods
3.1. CTX and THEMIS mosaic

The context camera (CTX) onboard the Mars Reconnaissance Orbiter
(MRO) spacecraft is a push-broom imager, which acquires 30-km-wide,
>40-km-long, 5-6.5 m/pixel views of the martian surface from a nom-
inal 255-320 km altitude orbit (Malin et al., 2007). The CTX has mapped
about 99% of the martian surface after taking >125,000 images since
the MRO spacecraft began observing Mars from orbit in 2006 (Robbins
et al., 2023). A high resolution (5 m/pixel) CTX mosaic (beta01 version)
(Dickson et al., 2018) that covers the entire Chryse Planitia is used as a
base map in this study for the identification of LECs and crater counting

on their ejecta blankets.

In some local areas of the CTX mosaic, the low contrast leads to the
inability to accurately identify the boundary of the layered ejecta.
Consequently, the Thermal Emission Imaging System (THEMIS)-day-
time infrared (IR) 100 m/pixel mosaic (Edwards et al., 2011) is also used
as an ancillary in this study.

3.2. Identification and classification of LECs

LECs in the Chryse Planitia are mapped by their distinctive layered
ejecta morphologies and compared with the Mars crater databases
created by Robbins and Hynek (2012a), Li et al. (2015), and Lagain et al.
(2021b) to show the newly reported LECs in this study. The identified
LECs are subdivided into three types according to the number of layered
ejecta, i.e., single layer ejecta (SLE), double layer ejecta (DLE), and
multiple layer ejecta (MLE) (Barlow et al., 2000), with attributes of the
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ejecta patterns being attached, i.e., rampart (R), pancake (P), sinuous
(S), circular (C), radial (Rd), large aspect ratio (LAR). For example, a
single layer ejecta crater with sinuous rampart ejecta that has a radial
pattern superposed on it is recorded as “SLERS/Rd” in the catalogue.
Based on the work done by Robbins and Hynek (2012a), the LECs
were also categorized according to crater shape, i.e., simple (Smp) bowl-
shaped crater or complex (Cpx) crater, with additional morphologic
attributes recommended by Barlow and Bradley (1990) being also
recorded, i.e., flat floor (FF), central peak (CPk), central pit (CPt),
summit pit (SuPt), unclassifiable/chaotic (Unc). For example, a complex
crater with a central peak is recorded as “CpxCPk” in the catalogue.

3.3. Determination of the formation time of LECs

3.3.1. Absolute model age determination

To constrain the formation time of the LECs, the absolute model ages
(AMAs) are determined by applying the crater counting technique to a
geological unit to fit the observed crater size-frequency distribution
(CSFD) with an isochron (derived from a production function). The first
step involves selecting a suitable area within the ejecta blanket of a LEC
and mapping the superposed craters using the “CraterTools” (Kneissl
et al., 2011), a custom tool within the ArcGIS platform. The counting
area is defined as the closed area between the distal border of the
continuous ejecta blankets and the inner border which is 20% crater
radius away from the crater rim (Robbins and Hynek, 2012a; Lagain
etal., 2020) (e.g., Fig. 3a). Due to its inherent relief (e.g., sliding slope),
the erosion rate on the crater rim region is higher than that on the
continuous ejecta region: the exclusion of the rim region thus could
minimize the effect of resurfacing processes (Lagain et al., 2020). During
the crater counting, obvious secondary craters that have irregular shapes
or cluster in chains or rays were excluded to reduce overrepresentation
and contamination, and the areas represented by these secondary craters
were also trimmed out.

Subsequently, two individual randomness tests, i.e., standard devi-
ation of adjacent area (SDAA) and mean 2nd-closest neighbor distance
(M2CND) (Michael et al., 2012), were performed to investigate the
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spatial distribution and variability of craters within the measurement
areas. These randomness tests provide a quantitative evaluation of the
spatial distribution of the counted craters. The iteration times of the
Monte Carlo simulation were set to 500 in Craterstats, and only craters
that are within +3o of the expected value were considered for dating (e.
g., the top panel in Fig. 3b shows the randomness analyses results).

Thereafter, the differential representation of the CSFD of the craters
was derived and plotted using pseudo-log binning.

Finally, the AMA of the LEC was determined by fitting the CSFD to
the standard martian cratering chronology. CSFD with a cumulative
fitting technique is theoretically influenced and biased by the binning
method in the derived model age, especially when the number of craters
used to compute the CSFD is low. To constrain the unknown variables,
Michael et al. (2016) introduced a Poisson timing analysis technique and
expressed the dating result as a likelihood function. The Poisson timing
fitting technique is preferred over binning/fitting approaches to crater-
count dating in this study.

The choice of chronology system has a significant influence on the
dating result, especially when the LECs in the Chryse Planitia are su-
perposed on diverse geological units with ages ranging from the late
Noachian (IN) to the early Hesperian (eH) (Fig. 2b). There are five
chronology systems in the Craterstats, i.e., ‘Ivanov 2001°, ‘Neukum-
Ivanov 2001, ‘Hartmann 2004 iteration’, ‘Hartmann & Daubar (2017)’,
and ‘Yue et al. (2022)‘. To keep with the latest chronology model that
establishes the relative cratering rate between the Moon and Mars, the
AMAs presented in this study are derived from the ‘Yue et al
(2022)‘chronology system (Yue et al., 2022) (Fig. 3b) (AMAs derived
from other chronology systems are provided in the supplementary ma-
terial). It should be noted that the AMA derivation in this study is per-
formed using crater counts made on CTX mosaic (betaO1 version, 5 m/
pixel) (Dickson et al., 2018), thus the smallest reliable crater that can be
measured is 50 m in diameter (10 pixels). However, the difference be-
tween ‘Hartmann 2004 iteration’ and ‘Hartmann & Daubar (2017)
chronology systems is the refinement of the production function for very
small craters (4 m < diameter < 45 m), the diameter range used in the
present study is outside this refinement. Therefore, the AMAs derived

Fig. 3. (a) Bled crater in the Chryse Planitia. (b) AMAs of Bled crater based on five different chronology systems.
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using these two chronologies coincide (Fig. 3b).

3.3.2. Factors considered for AMA derivation

The reliability of the AMAs derived from the CSFD method is of great
importance for interpreting the paleo-environment implications of the
LEGCs in the Chryse Planitia, i.e., the duration of the fluvial activities of
the circum-Chryse outflow channels and the temporal-spatial evolution
of the volatile-rich layer. Some potential shortcomings and pitfalls are
considered or avoided in this study.

First, the fluidized ejecta blanket of a small LEC usually has a limited
coverage area, which could potentially bias the derived model age
(Warner et al., 2015; Fassett, 2016). As a result, only a LEC with a
counting area >100 km? is considered as a candidate crater for dating.

Second, it was observed that many fluidized ejecta blankets were
heavily eroded, have predominantly rugged morphologies or lack su-
perposed craters. Consequently, to best avoid selection biases, only LECs
with enough craters superposed on well-preserved or slightly eroded (if
any) smooth ejecta were considered suitable for dating.

Third, the previously formed craters overlapped by the ejecta blanket
of the associated large LEC were excluded from the counting pool. The
most obvious examples are the Yuty crater (Supplementary Fig. 1) and
the Gamboa crater (Supplementary Fig. 2).

Fourth, the rheology (physical properties) of the layered ejecta
strongly influences the final crater diameter formed on top of the ejecta.
As the study area is dominated by Hto and 1HI units (Fig. 2b), the dif-
ference in rheology in the impacted material that controls the crater
diameter and excavation depth is thought to be negligible.

In addition, many other factors may also introduce uncertainties in
the dating results, e.g., the accuracy of crater diameter measurements,
the existence of resurfacing process, and the statistical significance of
the measured craters (Michael and Neukum, 2010; Kneissl et al., 2011;
Fassett, 2016; Michael et al., 2016).

Considering the above-mentioned factors, only a quarter (25.7%,
counts: 135) of the LECs were dated in this study (their locations are
listed in the supplementary material). Because crater model ages and
their associated statistical errors are inseparable from the crater chro-
nology model calibration errors (Michael et al., 2016), all the AMAs
derived in this study are presented with an intrinsic uncertainty pre-
ceded by the letter ‘p’.

3.4. Characterization of layered ejecta morphology

The morphologies of the layered ejecta are believed to provide in-
formation about the impact environment during ejecta emplacement
(Barlow, 2004), e.g., impact angle, and impact kinetic energy. Two
morphology parameters, ejecta mobility (EM) and lobateness (I") are
calculated in this study.

Ejecta mobility (EM) characterizes the ejecta flow distance and is
defined as the ratio of the average extent of the ejecta deposits out from
the crater rim (Rejectq average) 10 the crater radius (Rerarer) (Eq. 1) (Mou-
ginis-Mark, 1979; Barlow, 2006; Barlow and Robbins, 2015).

EM — quema,uuemge _ (\/ (Aejm‘m +Acrater)/ﬂ - Rcmt:'r)

Rrrarfr
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Lobateness (I') describes the sinuosity of the ejecta flow front and is
computed from the outer perimeter (Pgjectq) and total area (Agjecea) Of the
ejecta deposit (Eq. 2) (Kargel, 1986; Barlow and Robbins, 2015). An
ejecta deposit with I' = 1 indicates that the ejecta is circular, and I" > 1
implies a sinuous ejecta.
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3.5. Estimation of the minimal roof depth of the volatile-rich layer that
fluidizes the ejecta

Experimental and numerical studies support the hypothesis that the
subsurface volatile-rich layer is responsible for the formation of LECs
(Woronow, 1981; Stewart et al., 2001). To form layered ejecta, the
impactor must penetrate into/through the volatile-rich layer. Therefore,
the depth of the upper boundary of the volatile-rich layer can be esti-
mated from the LEC’s excavation depth. The excavation depth (D) of a
crater is about one-tenth of the diameter of the transient crater (D,) (Eq.
3) (Melosh, 1989). For a simple crater, D, is approximately equal to the
current crater’s rim-to-rim diameter (D;) (Melosh, 1989) (Eq. 3). For a
complex crater, D, is estimated from D, using the relationship developed
by Croft (1985) (Eq. 3).

0.1D, D, < D,.(simple crater)

3
0.1D%5D%% D, > D, (complex crater) ®

D,. ~0.1D, ~ {

where Dy, is the simple to complex crater transition diameter, which is
~6 km on average for martian craters (Robbins and Hynek, 2012b).

It should be noted that a given threshold fraction of volatiles (e.g.,
16%-60%) is required to sufficiently fluidize the ejecta (Woronow,
1981; Stewart et al., 2001; Barlow, 2004). Therefore, below the onset
diameter, the absence of fluidized ejecta does not necessarily imply an
absence of volatiles in the subsurface. For example, the presence below
the martian surface of one or several very thin volatile-rich layer(s) has
already been observed directly by the Phoenix lander (Smith et al.,
2009) and remotely by the HiRISE camera (Dundas et al., 2014; Dundas
etal., 2018; Dundas et al., 2021; Dundas et al., 2023). Consequently, the
depth estimated from Eq. 3 is the minimal roof depth of the volatile-rich
layer to fluidize the ejecta, i.e., the approach may miss layers that have
fewer volatiles for the ejecta to be fluidized.

4. Results
4.1. Distribution of LECs

A total of 525 LECs (157 of which are newly reported) were identi-
fied and catalogued in the study area (Fig. 4a). When classified by the
layered ejecta patterns, the number of SLE, DLE, and MLE craters are
477 (90.9%), 29 (5.5%), and 19 (3.6%) (Fig. 4b) (the spatial distribution
of each type is shown in Supplementary Fig. 3), respectively. The largest
and smallest LECs are the 65 km Kipini crater (31.58°W, 25.84°N) and
an unnamed 1 km crater (38.43°W, 39.37°N), respectively (Supple-
mentary Fig. 4). Based on the morphological characteristics, 122
(23.2%) LECs can be classified as complex LECs. Among the rest 403
(76.8%) simple LECs, 191 craters are smaller than 3 km in diameter
(Fig. 4d).

The onset diameter in each latitude interval decreases from 2.8 km to
1 km with increasing latitude. When compared with “uniform distri-
bution” values (represented by the red squares in Fig. 4e), the actual
distribution of LECs shows that there is a higher occurrence of LECs in
the regions >35° N. These findings derived from the updated catalogue
in this study are consistent with previous publications reporting the
emplacement of craters with layered ejecta increases with higher lati-
tudes and the onset diameter being latitude-dependent (Mouginis-Mark,
1979; Costard, 1989; Barlow and Perez, 2003; Li et al., 2015).

4.2. AMAs of LECs

Concerning the crater degradation state and counting areas, there are
135 LECs (25.7%) that are deemed valid for crater dating, including 90
SLE craters, 26 DLE craters, and 19 MLE craters (Supplementary Fig. 3).
The oldest and youngest craters among these dated LECs are the eroded
Concord crater (13.7275957 Ga; 34.02°W, 16.53°N) and the fresh Santa
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Fig. 4. (a) Identification results of the LECs; (b) Pie chart of SLE, DLE and MLE craters; (c) Pie chart of simple and complex LECs; (d) Distribution of LECs in each
diameter range. The number of LECs in each range is shown on top of each bar; (e) Distribution of LECs in each latitude interval. The bars show the actual distribution
of LECs in each interval, the number and onset diameter (km) of the LECs are presented on top of each bar. The red squares show the probable distribution if all the
identified LECs were distributed uniformly within the study area, with the area of each latitude interval being considered. These “uniform distribution” values are
calculated by multiplying the areas of each latitude interval with the average density of the LECs. (For interpretation of the references to colour in this figure legend,

the reader is referred to the web version of this article.)

Fe crater (u15.8ﬂjg Ma; 47.94°W, 19.27°N), respectively (Supplemen-
tary Fig. 5). According to the martian epoch boundaries defined by
Hartmann (2005), there are 3 LECs formed in the late Noachian (IN), 2 in
the early Hesperian (eH), 2 in the late Hesperian (IH), 55 in the early
Amazonian (eA), 48 in the middle Amazonian (mA), and 25 in the late
Amazonian (1A) (Fig. 5) (Supplementary Table 1).

4.3. Morphologies of LECs
Among the dated LECs, a minority (counts: 10, percentage: 7.4%) of

their ejecta are partially eroded or covered, thus the EM and lobateness
values are calculated for the rest 125 (92.6%) LECs whose ejecta are well

Fig. 5. Histogram of the formation epochs of different LEC types.

preserved. The EM values (Table 1) of the SLE craters range from 0.76 to
2.56, with an average value of 1.57 + 0.33 (expressed in the form of
‘mean + standard deviation’); the EM values for the outer layer of the
DLE craters range from 1.07 to 2.97, with an average value of 1.88 +
0.48; the EM values for the outer layer of the MLE craters range from
1.15 to 3.50, with an average value of 2.07 + 0.52. The lobateness
values (Table 1) of the SLE craters range from 1.09 to 1.86, with an
average value of 1.33 £ 0.16; the lobateness values for the outer layer of
the DLE craters range from 1.15 to 1.77, with an average value of 1.48
=+ 0.16; the lobateness values for the outer layer of the MLE craters range
from 1.26 to 1.98, with an average value of 1.58 + 0.22. Average EM
values on Mars vary depending on the type of layered ejecta, typically
increasing from the equator toward the poles but showing small varia-
tions among different terrains (Barlow and Robbins, 2015). The
THEMIS-based research on a global scale shows that the average EM
value for the SLE craters is 1.5, for the inner layer of DLE craters is 1.5,
for the outer layer of DLE craters is 3.2, and for the MLE is 2.2 (Barlow,
2005). Lobateness values also vary with location and ejecta type, with an
average of 1.1 for SLE, 1.0 for the inner layer of DLE, 1.1 for the outer

Table 1
Morphologies of 125 dated LECs whose ejecta are well preserved.*
Item SLE DLE MLE
number 84 24 17
4.44— 5.96— 7.97-
Diameter range (km) 17.38 25.75 34.08
EM range 0.76- 2.56 1.07-2.97 1.15-3.50
EM median 1.55 1.75 2.08
1.57 + 1.88 + 2.07 £
EM mean =+ standard deviation 0.33 0.48 0.52
Lobateness range 1.09-1.86 1.15-1.77 1.26-1.98
Lobateness median 1.33 1.48 1.56
Lobateness mean + standard 1.33 + 1.48 + 1.58 +
deviation 0.16 0.16 0.22

* The EM and lobateness values are only calculated for the outer layer of DLE
and MLE craters.
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layer of DLE, and 1.2 for MLE (Barlow, 2005). The slight discrepancy
between the previous study and this work is largely due to the use of the
high-resolution CTX mosaic, which allows for much more accurate
tracing of the ejecta boundaries.

For each type of the LECs, the average EM values increase from the
low to the high latitude (Supplementary Tables 2-4, Fig. 6a), e.g., the
EM value of SLE in the latitude interval of 15-20° is smaller than that in
other latitude intervals. Within each latitude interval, the average EM
values gradually increase with the number of layered ejecta, e.g., in the
20-25° latitude interval, the average EM values of the SLE, DLE, and
MLE are 1.37, 1.65, and 1.81, respectively. Because the runout distance
of the ejecta relies on many factors (e.g., surface roughness, volatile
abundance, impact angle and velocity), the estimation of the amount of
mobilized volatile material during impacts from EM values is not a
straightforward process. The lobateness values of the SLE craters have a
decreasing trend with increasing latitude (Fig. 6b), however, such a
trend is not obvious for the DLE and MLE craters. The decreasing trend
of the lobateness vs latitude shown here could be due to an increasing
erosion rate at higher latitudes (Thomson, 2018). These observations are
consistent with those from previous studies that investigated the pa-
rameters at a global scale (Barlow, 2005; Barlow and Robbins, 2015).

4.4. Excavation depth of LECs

The excavation depths of the 135 dated LECs are estimated (Eq. 3),
giving values mostly between 500 and 1000 m (Fig. 7a). Larger impacts
excavate deeper voids and the resulting craters have a longer survival
expectancy. The average diameters of DLE craters and MLE craters dated
in this study are larger than that of the SLE craters (the histogram of
diameter ranges of different LECs are shown in Supplementary Fig. 6),
therefore, there is a clear trend showing that DLE and MLE craters
exhume deeper materials than SLE craters (Fig. 7b). The shallowest
excavation depths of the dated SLE, DLE, and MLE craters are 440 m,
600 m, and 760 m, respectively, and the average excavation depths of
the SLE, DLE, and MLE craters are 781 + 240 m, 1128 + 445 m, and
1563 + 626 m, respectively (Fig. 7b) (Supplementary Table 5).

5. Discussions
5.1. Constraints on the timing of the circum-Chryse fluvial activities

During the identification of LECs, it was observed that some LECs
were clearly eroded by fluvial processes, and some were superposed
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either on the valley channels (Fig. 8) or the surrounding terra. Therefore,
when the AMAs of the LECs are determined, the spatial superposition
relationship between the LECs and the fluvial features becomes a useful
indicator to constrain the duration of the circum-Chryse fluvial
activities.

5.1.1. Ares Vallis, Tiu Valles and Simud Valles

The Ares Vallis (center location: 25.61°W, 10.29°N) is one of the
largest circum-Chryse outflow channels and was produced by multiple
time-scattered events, including catastrophic flooding, glacial, and
periglacial processes (Pacifici et al., 2009; Warner et al., 2009). The floor
of the main Ares Vallis channel is generally ~150 m to 2000 m below the
adjacent highly incised Noachian highlands (Warner et al., 2009;
Tanaka et al., 2014). In the Ares Vallis, the LECs with partially eroded
ejecta by fluvial activities have AMAs between u3.72759%” Ga (Concord
crater in Fig. 8a and Fig. 9a-b) and 4#2.7975-% Ga (Zuni crater in Fig. 8b
and Fig. 9a-b), suggesting the water flows that carved the channels and
eroded the ejecta occurred between the late Noachian (IN) and early
Amazonian (eA).

The Tiu Valles (center location: 34.86°W, 16.23°N) and Simud Valles
(center location: 38.01°W, 19.09°N), both cross-cutting the Ares Vallis,
were also shaped by catastrophic floods and were carved by episodic
volcanic and fluvial/glacial geologic activities (Neukum et al., 2010).
There are LECs eroded by fluvial processes in the Tiu and Simud Valles,
however, their ejecta blankets experienced severe degradation, e.g., the
Luck crater (location: 36.91°W, 17.26°N; diameter: 8 km). The small
counting area and the high degradation state make any AMA derivation
impossible to perform for these heavily eroded craters. Dating results for
craters with ejecta blankets superposed on the valley channels have
AMAs younger than ;:2.65*3¢5 Ga (Warra crater in Fig. 8c and Fig. 9a-b),
suggesting the fluvial activities in the Tiu and Simud Valles ceased
during the early Amazonian before ~ p2.7 Ga.

These constraints on the fluvial activities for the Ares Vallis, the Tiu
and Simud Valles, are broadly consistent with previous studies that
determined the channel floor ages. For example, Neukum and Hiller
(1981) inferred the fluvial activities of Ares Vallis took place during the
Hesperian. Warner et al. (2009) also found that the flooding at Ares
Vallis initiated on the highest topographically lower regions during the
early Hesperian (eH), and continued to modify craters in the topo-
graphically lowest into the early Amazonian. Marchenko et al. (1998)
proposed that the fluvial activities of Tiu and Simud Valles occurred
during the late Hesperian and might have continued into the middle
Amazonian (mA).

Fig. 6. EM and lobateness values at each latitude interval.
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Fig. 7. (a) Distribution of estimated excavation depth. (b). Boxplot of estimated excavation depths of different types of LECs.

5.1.2. Vedra, Maumee, and Maja Valles

Three separate channel systems, Vedra Valles (center location:
55.48°W, 19.12°N), Maumee Valles (center location: 52.85°W,
19.51°N), and Maja Valles (center location: 58.38°W, 10.23°N), scoured
the Hesperian Lunae Planum and debouched into the Chryse Planitia
(Fig. 9c¢). It is evident that flows from the Vedra and Maumee Valles
converged to cut the Maja Valles, whose lower ends are marked by faint
alluvial fans that are cut by numerous, small, divergent channels (de
Hon, 1987). LECs with partially eroded ejecta by fluvial activities show
AMAs of 42.7075¢2 Ga (Dromore crater in Fig. 8d and Fig. 9¢)) and

42.18103% Ga (Weert crater in Fig. 8e and Fig. 9¢), and the oldest LEC

superposed on the valley channels is the 41.867020 (Peixe crater in

Fig. 8f and Fig. 9c). The spatial superposition relationship and the
derived AMAs indicate the flows that incised the Maja Valles continued
into the early Amazonian and perhaps came to a halt between ~ p2.2 Ga
and ~ pl.9 Ga.

5.1.3. Kasei Valles

The water that carved the Kasei Valles (center location: 65.0° W,
24.6° N) flowed eastward through the Lunae Planum and emptied into
the Chryse Planitia (Fig. 9d). It is the largest outflow channel system on
Mars and shows evidence of episodic reoccurrence of both volcanic and
fluvial processes, with ice and/or floods likely responsible for carving
out most of the west-to-east channels (Neukum et al., 2010). Due to a
series of ancient mega-floods that shaped the Kasei Valles, almost all the
LECs formed before the floods were obliterated by erosive forces, leav-
ing only a very few heavily eroded LECs unsuitable for crater dating, e.
g., Worcester (Fig. 8g) and Wassamu (Fig. 8h) craters. Among the LECs
that superposed on the fluvial features in the Kasei Valles, the Guaymas
crater (Fig. 8i and Fig. 9d) with an AMA of 42.80*03> Ga is the oldest,
suggesting that the resurfacing events caused by episodic fluvial activ-
ities likely ended before ~ p2.8 Ga in the early Amazonian.

5.1.4. Paleoenvironmental conditions during Amazonian

The martian climate in the Amazonian period is usually thought to be
similar to the current cold and arid conditions, however, the super-
position relationship between the LECs and circum-Chryse channels
suggests that the fluvial activity might have extended into the early
Amazonian (the discussion of the water source is beyond the scope of
this paper). Evidence of Amazonian-aged aqueous and/or glacial activ-
ities also have been reported in other regions, indicating that the
martian climate during the Amazonian period was more diverse than
previously thought, i.e., the possible existence of local and limited

climate conditions supporting the aqueous and/or glacial activities. For
example, after analysis of the jarosite at the Meridiani Planum, and the
goethite and hematite in the Gusev crater that were discovered by the
Opportunity and Spirit rovers, Fairén et al. (2009) proposed the pres-
ence of minor amounts of shallow acidic liquid water at local scales
during the Amazonian period. Chen et al. (2015) suggested that the pre-
impact aqueous-alteration products in the fresh Tissint meteorite (~600
Ma old), whose potential source might be the Tooting crater at ~23° N
in the northern lowlands (Lagain et al., 2021a), could be diagnostic
chemical evidence for subsurface water. Adeli et al. (2016) observed a
well-preserved early to middle Amazonian-aged complex fluvial system
in the Terra Cimmeria, with ice/snow melt as the water source for the
surface runoff. The Zhurong rover at Utopia Planitia also found miner-
alogy evidence (i.e., hydrated sulfate/silica materials that are associated
with locally developed duricrust) for an active aqueous Amazonian
hydrosphere (Liu et al., 2022).

5.2. Implications for the temporal-spatial evolution of the subsurface
volatile-rich layer

Among the dated 135 LECs in this study, 128 LECs (94.8%) were
formed in the Amazonian, and the remaining 7 LECs that formed in the
Hesperian and Noachian are usually large complex craters with multiple

layered ejecta, e.g., Concord (20.2 km, 3.727395” Ga) and Libertad

(31.2km, 43.47709%° Ga) (Table S2 in the supplementary). Large craters
have a greater probability of being preserved than small craters since the
latter have a shorter lifespan (relatively shallower excavation depth and
low profiles). According to the relationship between excavation depth
and final crater diameter (Eq. 3), the inclusion of large LECs would
suggest that the minimal roof depth of the volatile-rich layer ought to be
large. To eliminate the potential bias from large LECs, this study limits
the analysis to 25 LECs with a diameter <6 km (transition diameter) to
study the temporal and spatial variation of the volatile-rich layer in the
Chryse Planitia.

Many of these 25 LECs have EM values between 1.4-1.8 (Fig. 10a-b),
have lobateness values of 1.1- 1.4 (Fig. 10c-d) and excavation depths of
560— 590 m (Fig. 10e-f). The EM value is sometimes considered as an
indicator of the abundance of volatiles in the subsurface at the time of
crater formation. It is probably accurate that ejecta may extend further
from the crater rim if it is highly fluidized by the abundant volatiles;
however, there will almost certainly be differences caused by the
roughness of the pre-existing surface and the size distribution of clasts
within the ejecta. This in turn would vary depending upon the crater
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Fig. 8. Different relations of LECs and valley systems. (a, b, d, e, g, h) LECs being eroded by fluvial activities; (c, f, i) LECs superposed on the valley channels. (a)-(c)
show LECs in the Ares Vallis, Tiu Valles and Simud Valles. (d-f) show LECs in the Vedra, Maumee, and Maja Valles. (g)-(i) show LECs in the Kasei Valles. The basemap

is the THEMIS mosaic (Edwards et al., 2011).

being excavated within a rigid surface (e.g., coherent lavas) or uncon-
solidated sediments (e.g., volcanic ashes, aeolian deposits), and the
angle of impact and velocity. Thus, there are potential issues in using the
EM values to infer the abundance of subsurface volatiles. Therefore, the
abundance of volatiles in the subsurface is not considered in this study.

Many sites on Mars are known to feature water ice just below the
surface, ranging from a few centimeters (Smith et al., 2009) to deci-
meters (Byrne et al., 2009). Studies revealed that ice sheets in some
locations at martian mid-latitudes extend downward from depths as
shallow as 1 to 2 m below the surface to a depth of 100 m or even deeper
(Dundas et al., 2014; Dundas et al., 2018; Dundas et al., 2021; Dundas
et al., 2023). Although the depth of the volatile-rich layer varies in

different locations, these findings point to the existence of volatile-rich
layer(s) in the martian subsurface, which might extend on a global
scale. Using principal component (PC) analysis on the LECs’ mor-
phometries, Jones (2015) identified an index of subsurface volatiles
(PC2 in the study), which shows a strong latitudinal trend with higher
values toward the poles. Jones (2015) interpreted this index as an in-
dicator of a volatile-rich and potentially ice-rich target material. The
index is low in the Chryse Planitia, suggesting that the present-day
shallow volatiles in this region are relatively poor.

The lower part of the scatter plot of AMAs of LECs versus estimated
excavation depth could be considered as defining the minimal roof
depth where a sufficient fraction of volatiles was excavated. However,
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Fig. 9. (a) Summation of the minimum and maximum AMAs for different Valles. (b) LECs in the Ares Vallis, Tiu Valles and Simud Valles. (¢) LECs in the Vedra Valles,
Maumee Valles, and Maja Valles. (d) LECs in the Kasei Valles. The red arrows in b-d mark the locations referred to in the text. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

the AMAs of the craters with onset diameter cannot be determined due
to limited counting area. Therefore, the dated LECs with the smallest
diameter in each latitude interval are used to infer the spatial variation
of the minimal roof depth in this study (Fig. 11). These five LECs were
formed in the Amazonian, their EM values are relatively large at lati-
tudes >30°, and lobateness values decrease with increasing latitudes. As
discussed in Section 4.3 and the above paragraph, the large EM values
are not suitable for inferring the abundance of the volatiles, and small
lobateness values at high latitudes might be due to increasing erosion
rates at higher latitudes.

Although there is a possibility that the volatile-rich layer might
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migrate toward deeper or shallower regions for a short time, the dating
results (Fig. 5) and the histogram (Fig. 10f) support the idea that on the
geological time scale, the minimal roof depth of the volatile-rich layer
has remained relatively stable at least around 560- 590 m since the early
Amazonian. It is observed that the minimal roof depth has a slight dif-
ference between high and low latitudes (Fig. 11), suggestive that the
minimal roof depth of the volatile-rich layer might be as shallow as
~440 m in the high latitudes and ~ 540 m in the low latitudes.
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Fig. 10. (a) Scatter plot of AMAs of LECs (diam. < 6 km) versus EM values. (b) Histogram of EM values. (c) Scatter plot of AMAs of LECs (diam. < 6 km) versus
lobateness values. (d) Histogram of lobateness values. (e) Scatter plot of AMAs of LECs (diam. < 6 km) versus estimated excavation depth. (f) Histogram of estimated
excavation depth. The scatter plots of AMAs of different types of LECs versus EM, lobateness, and estimated excavation depth are shown in Supplementary Fig. 7.

Fig. 11. EM, lobateness, estimated excavation depth, and AMA of the dated
LECs with the minimum diameter at each latitude interval.

6. Conclusions

With the high resolution (5 m/pixel) CTX mosaic serving as a base
map, a total of 525 LECs within the Chryse Planitia were identified and
catalogued, with 157 being newly reported. When classified by the
number of layered ejecta, the counts of SLE, DLE, and MLE craters are
477 (90.9%), 29 (5.5%), and 19 (3.6%), respectively. The counts of
simple and complex LECs are 403 (76.8%) and 122 (23.2%), respec-
tively. The onset diameter decreases from 2.8 km to 1 km with
increasing latitudes, and a higher occurrence of LECs is observed in the
regions >35° N.

Considering the crater degradation state and counting area, the
AMAs of 135 LECs were determined (Fig. 5) to investigate their paleo-
environment implications. Although the circum-Chryse fluvial activities
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were still active during the early Amazonian, the water flows that
scoured the Ares, Tiu, and Simud Valles might have come to a halt before
~ pn2.7 Ga, the erosion on the channels of the Vedra Valles, Maumee
Valles, and Maja Valles might stop between ~p2.2 Ga and ~ pl1.9 Ga,
and the episodic fluvial events in the Kasei Valles might have ended
earlier than ~p2.8 Ga.

It is plausible that the volatile-rich layer might have experienced a
migration toward deeper or shallower regions for a short time. However,
the high number of LECs formed in the Amazonian (128 LECs, 94.8%,
Fig. 5) and the excavation depths of LECs with diameter <6 km (Fig. 10
e-f) support the hypothesis that, on a geological time scale, the minimal
roof depth of the subsurface volatile-rich layer has remained relatively
stable at least around 560- 590 m since the early Amazonian, and it is
perhaps as shallow as ~440 m in the high latitudes and ~540 m in the
low latitudes.
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