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Abstract

The age of a planetary surface may be inferred from the size-frequency distribution of impact craters covering it.
On Mars, the accuracy of this crater chronology technique may be compromised by past or present aeolian, fluvial,
and pluvial erosion and sedimentation. Here, we review how these processes influence the crater age of the surface,
employing as a case study the floor of Jezero crater, the landing site of the Mars 2020 Perseverance rover mission. We
count craters and derive the retention ages of three prominent geologic units on the floor of Jezero, discussing some of
the challenges faced during crater counting analysis. Our estimate for the retention age of the dark-toned floor unit is
slightly younger compared to previous studies and is sensitive to statistical outliers. These factors should be taken into
account when calibrating the crater age of the surface of the unit with its measured radiometric age.

1 Introduction

All solid planetary bodies in the solar system
are scarred by craters of meteoritic origin, relics of
the disc of debris that orbited the primordial Sun
(Spencer, 1937). Cratered terrains record impacts
integrated throughout their geologic lifetime. As
a result, the size distribution of craters imprinted
on a planetary surface may be used to constrain
its age, assuming the impact rate over time
is known (Baldwin, 1949; Kreiter, 1960). This
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method, termed crater chronology, is rooted in
the assumption that the size-frequency distribu-
tion of craters on an initially smooth airless plan-
etary surface closely follows the distribution of
the impactors that formed them. However, many
geologic processes impair our ability to perform
crater chronology by affecting both the produc-
tion of new craters and the removal of preexist-
ing craters (Melosh, 1989; Neukum et al., 2001).
On the airless Moon, impacts are the main pro-
cesses that affect craters’ erosion and morphology
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Impact craters >1 km on the Moon, color-coded by diameter on a logarithmic scale and stretched for empha-
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sis (Robbins, 2019). Typically, the areal density of lunar craters varies as a function of the age of the surface. Locally, secondary
craters may increase the number of craters on the surface, affecting its model-derived age (McEwen et al., 2005). For example,
the dense population of secondary craters (secondaries; craters formed by fragments of the target material ejected by the pri-
mary impactor) around Copernicus crater (10°N, —20°E) makes the surrounding surface appear significantly older than other
parts of the lunar Maria despite its younger age (Robbins, 2019). The range of crater diameter (stretched here for emphasis)
demonstrates the typical crater size varies quite significantly for different regions, where craters in the younger Maria region
tend to be slightly smaller (more purple) than craters in the highlands (more yellow).

through impact gardening by meteorites and
overprinting by larger craters and ejected mate-
rials. In the past, volcanism also contributed
to removing craters from the surface, mainly
through burial. On Mars, the observed crater
size distribution is also influenced by the planet’s
atmosphere. This includes not only atmospheric
breakup and aeolian processes that can affect
crater morphology over time (Ivanov et al., 1997;
Popova et al., 2003) but also pluvial, fluvial, and
sedimentary processes such as erosion by riv-
ers, lacustrine sedimentation, or glacial activ-
ity that are only enabled by Mars’ atmosphere
[cite from the book: Viola+ 2020, Soare+ 2020,
Gallagher+ 2020, Parker, 2020] and may bury or
exhume impact craters (Milton, 1973; Lorenz and
Lunine, 1996; Irwin and Zimbelman, 2012; Rob-
bins and Hynek, 2012b). Consequently, while
the size-frequency distribution of craters on the
Moon typically varies as a function of the age of
the surface (Fig. 5.1), on Mars, atmosphere-related
processes may complicate this relationship. For

example, note the latitudinal trend in both den-
sity and size distribution shown in Fig. 5.2, which
may be caused by infill of small craters (Dobrea
etal., 2020). These add to local variations in crater
density due to the presence of secondaries visible,
for example, near younger large craters such as
Lomonosov crater (65°N, —10°E) or resurfacing
by volcanism around Tharsis and Olympus Mons
(eastwards of longitude 90°E, also see Fig. 5.3).
The influence of secondaries on the primaries
distribution may increase in environments where
ground ice promotes relaxation and decreases
primary crater retention.

The various processes that affect the observed
crater size distribution on Mars gave birth to
the concept of crater retention age (Hartmann,
1966, 2005) that represents the time during which
craters of some diameter have accumulated and
retained. This includes, in some cases, episodes of
crater burial and exhumation (Malin et al., 2010).

In this manuscript, we review how the Mar-
tian environment affects the retention age of

II. Can impact craters be used to derive reliable surface ages on Mars?
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FIGURE 5.2 Impact craters >1 km on Mars, color-coded by diameter on a logarithmic scale and stretched for emphasis
(Robbins and Hynek, 2012a). Compared to the airless and mostly geologically inactive Moon (Fig. 5.1), Mars shows evidence

of volcanic (e.g., around Tharsis region) and atmospheric processes (e.g., ice near the poles) that change the crater areal den-
sity and size distribution both locally (such as around Lomonosov crater) and on larger scales.
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FIGURE 5.3 Shaded relief map (Smith et al., 2001) of cratered terrain that was recently resurfaced by volcanism, near
Olympus Mons. (A) The lower crater density in the region closer to Mount Olympus (west of ~122°W, also emphasized
by the dashed line) indicates a more recent or extensive resurfacing relative to the region further away from the mount.
(B) Cumulative (C) differential, and (D) incremental size distributions with V2 logarithmic bin increments. Filled and empty
circles show the distributions in the more heavily cratered region (east of the dashed line) and recently resurfaced region
(west of the dashed line). b, and b,, in the panels legends are the slope of the power law in log-log scale of the eastern and
western crater distribution, respectively. Error bars are Poisson.
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geologic units on Mars, focusing on Jezero crater,
a ~40 km impact crater located in the Nili Fossae
region of Mars, the landing site of the Mars 2020
Perseverance rover mission. Even before earn-
ing its name, Jezero crater was frequently cited
as a textbook example for a developed Martian
lacustrine system (Fassett and Head, 2005; Ehl-
mann et al., 2008; Schon et al., 2012; Goudge
et al., 2012). The network of channels and val-
leys stretching hundreds of kilometers into the
crater remain convincing evidence for extended
periods of overland flow on Mars (Lapotre and
lelpi, 2020). These rivers carried phyllosilicate
clays, which are known to preserve organic mat-
ter, from the environment outside Jezero into a
delta fan located near its northwestern rim. This
makes Jezero a promising candidate to test the
question of the past or present habitability of
Mars. In addition, the rover is planned to collect
core samples from the floor of the crater that will
be retrieved and shipped to Earth by a future
mission (Williford et al., 2018). Relating the abso-
lute radiometric ages of different geologic units
within Jezero to their crater-derived retention
ages will serve to “calibrate” the planet’s impact
crater chronology. Consequently, constraining
the crater age of the landing site and the sur-
rounding region has implications for crater chro-
nology determinations throughout the planet.
This chapter is intended to be accessible to
readers inexperienced in crater chronology. We
first review some basic concepts in crater chronol-
ogy that will be employed throughout the text.
Then, we present the geologic setting of Jezero
crater and perform crater statistics on three prom-
inent geologic units found within it. Finally, we
discuss how the surface conditions on Mars may
have affected the crater-derived age of these units.

2 Basic concepts in crater chronology

2.1 Theory

Nearly a century ago, astronomers proposed
that the origin of craters on the lunar surface
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is meteoritic and not volcanic (Spencer, 1937).
The formation process of craters from impac-
tors may be broadly divided into three stages
(Melosh, 1989). In the first contact and compres-
sion stage, the projectile transfers its kinetic
energy to the target material and finally pushes
and compresses it. In the second excavation
stage, material is expelled from the point of
impact by the nearly hemispherical shock
wave. At the end of the excavation stage, a
transient bowl-shaped cavity forms that is
much larger than the impactor itself. This cav-
ity is almost immediately altered by gravity in
the last modification stage, and the crater obtains
a final, shallower shape.

The comprehensive statistical analyses of cra-
tered surfaces on the Moon compiled by Young
(1940) and later by Kreiter (1960) and Hartmann
(1964) provided the first quantitative evidence
for the meteoritic origin hypothesis. These stud-
ies found the size distribution of craters ~10-
100 km may be well described by a power law,
similar to the size distribution of asteroids and
terrestrial meteorites (Brown, 1960). Around the
same time, Hawkins (1960), Anders (1965), Hart-
mann and Hartmann (1968), and others theo-
rized collisional cascades between asteroids form
power law—distributed impactor sizes, leading to
power law—distributed impact crater sizes.

Adopting these ideas, c denotes the number
of craters per unit area N with diameters > D
using a simple power law (Crater Analysis Tech-
niques Working Group, 1979),

N(E=D)=cD™ (5.1)

where b is the slope of the production function
in log-log scale and c is a coefficient that trans-
lates the distribution vertically, along the y-axis.

These basic concepts are demonstrated in
Fig. 5.3, where we show a cratered surface ear
Olympus Mons in panel (A) and the correspond-
ing crater cumulative size distribution in panel
(B). The crater size distribution of the surface
in panel (C) is well represented by a power law
size distribution. As expected, the normalized

II. Can impact craters be used to derive reliable surface ages on Mars?
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cumulative count values of the more heavily
cratered region are higher than those of the less
heavily cratered region.

Another way to represent the number of
craters on the surface is by using a differen-
tial distribution; the number of craters in some
diameter bin, the width of which is dD, divided
by the bin size,

d_N — beD ) = gD+

D 5.2)

Yet another representation of cratered sur-
faces is called the incremental distribution, the
absolute number of craters in a bin dD. The
advantage of the incremental representation is
that its slope, when using log-spaced diameter
bins, is the same as that of the cumulative dis-
tribution. In panels (A) and (D) of Fig. 5.3, we
show examples of a differential and an incre-
mental distribution.

For a non-zero flux of impactors, the number
of craters on an initially crater-free surface will
increase with time. As a result, measuring the
coefficient c of a crater power-law size distribution
is—at least conceptually—similar to measuring
the relative age of the surface. In order to obtain
the absolute age, c must first be calibrated for sur-
faces whose age was derived employing meth-
ods such as radiometric or cosmic ray exposure
age dating of samples collected on the Moon. By
using models that describe the impactor size dis-
tribution across the solar system and their respec-
tive impact probabilities for each planet, these
absolute measurements can be extended from the
surface of the Moon to the surface of other plan-
ets (Ivanov, 2001; Stoffler and Ryder, 2001; Marchi
et al., 2009; Le Feuvre and Wieczorek, 2011).

Initially, the production rate of craters will
closely follow the impact rate. As time passes,
newly formed craters will superimpose existing
craters. At some point in time, the crater popula-
tion will become so dense that any new crater
formed on the surface will replace craters that
occupy an area equal to the area affected by the
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new crater. This stage is termed crater saturation
(sometimes termed equilibrium); even though
new craters form on the surface, the observed
crater density does not increase (Baldwin, 1981;
Melosh, 1989; Neukum et al., 2001). We note
that in many studies the term crater equilibrium
describes a state in which craters are formed at
the same rate they are destroyed by any surface
process. To avoid confusion, we adopt the term
saturation.

In many cases, crater saturation is described
as a fraction of the geometric saturation, the num-
ber of craters that can be placed on an area fitted
rim-to-rim in hexagonal close packing (Gault
et al., 1974; Melosh, 1989). This stage may also
be represented by a differential power-law coef-
ficient =0.22.

With that concept in mind, it is useful to
consider an additional mathematical depiction
of cratered surfaces that would help identify
saturation: the R-plot (relative plot). To obtain
the R-plot of a crater population, we divide the
incremental distribution by a power law with
b =2 (or the differential distribution by a power
law with b = 3). In an R-plot, horizontal lines
represent size distributions in which craters in
every bin occupy the same fraction of the total
area. As a result, the R-plot of surfaces in satura-
tion will both be horizontal and have R values
of 0.22. Increasing/decreasing R lines represent
crater cumulative distributions, the incremen-
tal distribution exponent of which is b < 2 or
b > 2, respectively. In panels (A)—(D) of Fig. 5.4,
we show four example regions on Mars and the
Moon. In panel (E), we show R-plots for these
regions, which demonstrate their age difference
and proximity to saturation.

2.2 Practice

The guiding principle of crater chronology
is relatively straightforward; with time, older
surfaces will experience more impacts and,
as a result, will be more heavily cratered. This

II. Can impact craters be used to derive reliable surface ages on Mars?
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FIGURE 5.4 Four regions on the Moon and Mars showing different degradation states. (A) A region on Mars that was
recently resurfaced showing lower crater density and smaller average crater diameter. (B) An older region on Mars shows the
opposite. (C) A subset region of the lunar Maria. (D) A subset region of the lunar highlands, which is an example for a surface
close to crater saturation (indicated by the black dashed line). (E) R-plots for the different regions, with isochrons derived from
the Ivanov (2001) model for Mars (solid lines) and Neukum et al. (2001) model for the Moon (dotted line).

II. Can impact craters be used to derive reliable surface ages on Mars?



3 Challenges in crater chronology in Jezero crater

concept is well demonstrated in Fig. 5.3, which
shows how the recently resurfaced region sur-
rounding Olympus Mons is nearly devoid of
craters >1 km compared to areas farther away
from it, and Fig. 5.4, which compares cratered
surfaces of different ages.

In order to determine the age of a surface, it is
necessary to find the size distribution of the cra-
ters covering it. Traditionally, this crater count-
ing technique is performed manually by first
dividing the surface into homogeneous geologic
units and recording the diameters of the visible
craters within each unit (Greeley and Gault,
1970; Melosh, 1989; Neukum, 1984; Michael and
Neukum, 2010). In recent years, this process is
gradually being replaced by automatic detec-
tions that involve computer vision, machine,
and deep learning techniques (Barata et al., 2004;
Stepinski et al., 2009; Silburt et al., 2019). It is,
however, important to note these algorithms
often suffer from high false-positive and false-
negative rates and consequently treated with
suspicion by experienced crater counters.

Detailed studies of cratered surfaces have
found that the power-law assumption stated
previously does not always accurately capture
the shape of the crater size distribution over
large diameter ranges. This is in part due to
the irregularities and the so-called knees in the
size distribution of the asteroidal bodies that
form them (Fujiwara and Tsukamoto, 1980;
Rabinowitz, 1993; Stuart and Binzel, 2004). As a
result, Neukum et al. (1975), Hartmann (1981),
Neukum et al. (2001), Hartmann and Daubar
(2017), and others employed crater counts to
measure the size distribution of lunar craters
and fit it with a piecewise power law or a series
of polynomials that more accurately describe
its features. These elaborate functions are
termed production functions and have since been
updated using more recent cratering data (Neu-
kum and Ivanov, 1994; Hartmann, 1999; Marchi
et al.,, 2009; Le Feuvre and Wieczorek, 2011;
Williams et al., 2014) and observations (Brown
et al., 2002; Mainzer et al., 2012). Over the years,
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these production functions have been adapted
to date planetary surfaces for which we have
no radiometric ages such as Mars, Mercury, and
the moons of the outer planets (Ivanov, 2001;
Bierhaus et al., 2005; Marchi et al., 2009; Le Feu-
vre and Wieczorek, 2011; Strom et al., 2011).

Graphically, production functions define lines
termed isochrons, which represent the state of a
crater size distribution at some point in time. For
example, in Fig. 5.4E, we show how isochrons
derived from the Ivanov (2001) production
function can aid in dating planetary surfaces by
matching them with a measured crater size dis-
tribution. Graphically, the size distribution rep-
resented by the red dots better fits the contour
defined by the 10%-year isochron, while the size
distribution represented by the blue dots better
fits the contour defined by the 3 X 10 year.

3 Challenges in crater chronology in
Jezero crater

The methodology described earlier is ideal-
ized as it assumes only impacts can form and
erode craters. However, many surface pro-
cesses can disguise themselves as impact cra-
ters; it can be difficult to discern volcano pits,
subsidence craters, and lava vents from craters
formed by meteorites (Greeley and Gault, 1971;
Blasius, 1976, Melosh, 1989). For example, the
cavities in the bottom left corner of Fig. 5.3A not
marked by black circles are the Olympus Mons
summit caldera. At times, the geologic interpre-
tation of what constitutes an impact crater may
significantly affect the crater retention age esti-
mates (Robbins and Hynek, 2012a). Addition-
ally, spatial and temporal variations in bolide
production or surface properties can change the
production function and affect the morphology
of fresh craters, and geologic and atmospheric
processes may reduce the number of visible
craters on various scales by burial, exhuma-
tion, infill, or erosion. Finally, on scales <100 m,
fluctuations in atmospheric thickness may also

II. Can impact craters be used to derive reliable surface ages on Mars?
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affect the crater size distribution (Chappelow
and Sharpton, 2006).

In the following section, we discuss how these
complications are expressed in Jezero crater, the
landing site of the Mars 2020 Perseverance rover
mission.

3.1 The geology of Jezero crater

Nearly two decades ago, instruments on-
board several Martian orbiters recorded a wide-
spread network of valleys in the Nili Fossae
region, leading into two deltaic deposits located
near the northwestern wall of a ~40 km impact
crater (18.4°N, 77.55°E) (Fassett and Head, 2005).
Further, morphological analysis suggested the
rivers that formed these valleys potentially filled
the impact crater until its eastern rim was over-
topped and breached, creating an outlet valley.
These observations, along with earlier studies
(De Hon, 1992; Cabrol and Grin, 1999), provided
additional evidence for the existence of devel-
oped lacustrine systems on early Mars, earn-
ing the crater the name Jezero (“lake” in many
Slavic languages).

In 2018 it was announced Jezero was selected
as the landing site for the Mars 2020 mission
(Grant et al., 2018). Jezero was selected mainly
due to its distinct delta fan deposits that showed
phyllosilicate mineral enrichment (Ehlmann
et al., 2008; Goudge et al., 2017). The drainage
basins for the deltas, which extends well into
the Nili Fossae grabens, potentially funneled
diverse minerals such as clays and organic
materials into Jezero, making it a promising
candidate to address the question of the past or
present habitability of Mars (Goudge et al., 2015;
Grant et al., 2018).

Detailed geomorphological analysis (Goudge
et al., 2015) of Jezero and the drainage basin sur-
rounding it revealed layered geology character-
istic of lacustrine systems (Fig. 5.5). Within the
crater the oldest layer is the rim and wall material
which is covered in most places by dust. Small
exposures reveal distinct spectra indicative of
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Mg /Fe-smectite. Stratigraphically above the rim
and wall layer are the mottled terrain unit and the
light-toned floor (LTF) unit, which is covered in
many areas by dunes. The dunes covering the LTF
unit present a strong spectral signature consistent
with olivine, while the unit itself presents absorp-
tions identified as hydrated carbonates, especially
magnesite. Patches of the mottled terrain unit are
found both inside the crater and in the surround-
ing region and are stamped with circular features
likely to be degraded impact craters.

Perhaps the two most intriguing geologic
units in Jezero crater are the north and west
delta deposits (Goudge et al., 2015). These units,
the sediment volume of which is estimated at
~5km?, were deposited in Jezero during the cra-
ter’s stage as an extensive paleolake. The amount
of material emplaced in the deltas implies the
duration of inflow into Jezero lake was probably
substantial (Fassett and Head, 2005; Lap6tre and
lelpi, 2020), testament of the climatic conditions
in the Nili Fossae valley during the Noachian
Period (Fassett and Head, 2005). Of the two del-
tas, the northern fan is more eroded than the
western fan, which still preserves the inlet chan-
nel that once formed it.

The most pervasive unit on the crater floor
is termed the volcanic floor unit (Goudge
et al., 2015). This dark-toned, smooth layer was
emplaced directly upon the LTF unit and was
interpreted to embay the two delta fan depos-
its (Goudge et al., 2012). Spectroscopic analysis
shows absorption near 1 and 2 um, which may
hint at the presence of olivine and pyroxene
(Goudge et al., 2015). More recent studies have
indicated the formation of the volcanic floor
unit and its depositional history may be more
confounding than previously thought (Golder
et al., 2020; Kah et al., 2020; Baum and Word-
sworth, 2020; Schuyler et al., 2020). To avoid
the interpretive nomenclature, we call it here-
after the “dark-toned floor unit,” taking into
account these types of rock units can poten-
tially be found to be sedimentary (Edgett and
Malin, 2014).

II. Can impact craters be used to derive reliable surface ages on Mars?



3 Challenges in crater chronology in Jezero crater

105

Legend
. Light-toned floor
. Western fan
. Northern fan

Crater

. Debris cover
. Volcanic Floor
[ Mottled terrain
. Rim & wall
. Valley network

FIGURE 5.5 Jezero crater geologic map overlayed on a basemap of the Jezero crater mosaic captured by the Mars Recon-
naissance Orbiter Context Camera (Malin et al., 2007). See Section 3.1 for a description of each geologic unit. Bottom left:
grayscale minimap of Jezero crater. Map was modified and enhanced from the original compiled by Goudge et al. (2015).

Due to Jezero’s stratigraphy, constraining
the age of the dark-toned floor unit using crater
statistics may help constrain the time in which
its lake disappeared (Shahrzad et al., 2019).
Somewhat fortunately, the unit appears to pre-
serve continuous crater production, which may
indicate its crater retention age will better cor-
respond to its true (radiometric) age compared
to typical Martian terrains.

3.2 Small crater statistics within Jezero
crater

To perform our analysis, we compiled a cata-
log of craters within Jezero, nearly complete
down to 50-70 m diameter, as measured by
the deviation from power law. The purpose of
this catalog is not only to provide information
toward the future Mars 2020 mission, but also

II. Can impact craters be used to derive reliable surface ages on Mars?
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to demonstrate how various surface processes
on Mars affect the age determined by crater
chronology.

We first review four cratered geologic units
within Jezero crater: the dark-toned floor unit,
the western and northern delta units, and the
light-toned unit. For each unit, we fit an age
employing a crater chronology model appro-
priate for our diameter range. In the following
section, we discuss the various geologic pro-
cesses that may affect the age determined by the
model, and how those may be addressed.

For consistency, we have elected to retain
the names of the geologic units as they appear
in previous works (Schon et al., 2012; Goudge
etal., 2015, 2017), noting in some cases they may
not reflect the true nature of the unit that are yet
to be revealed by the Mars 2020 mission.

3.2.1 The dark-toned (volcanic) floor unit

Over the last decade, there has been some
discussion over the age of the dark-toned floor
unit of Jezero crater. Early works derived ages
that differ by a factor of 2, from 1.4 Ga (Schon
et al.,, 2012) to 3.45 Ga (Goudge et al., 2012). It
should be noted these studies were not focused
on Jezero but on Martian lacustrine systems in
general and employed low-resolution imagery
data that limited the size of counted craters.
More recently, Shahrzad et al. (2019) were able to
better constrain the crater age of the dark-toned
deposit to 2.6 Ga using 187 craters with diam-
eters >177 m.

Power-law statistics are sensitive to outliers.
As a result, Shahrzad et al’s (2019) age deter-
mination may be influenced by the small range
of diameters they considered, which spans
less than an order of magnitude. Additionally,
given the thickness estimates of the dark-toned
floor unit (10-30 m, Schon et al., 2012; Shahrzad
et al., 2019), it is possible that some of the larger
craters in their sample predate the emplacement
of the dark-toned floor.

In order to reproduce the results of Shahrzad
et al. (2019), we expand the analyzed diameter

5. Challenges in crater chronology on Mars as reflected in Jezero crater

range by comparing image sets with different
image saturation and illumination conditions
obtained by the High Resolution Imaging Sci-
ence Experiment (HiRISE, McEwen et al. (2007)).
In total, we surveyed 2859 craters formed on the
dark-toned unit, the diameters of which span
two orders of magnitude: 5-670 m.

To perform our age analysis, we chose a con-
tiguous area ~200 km? excluding “islands”
belonging to other geologic units (see Fig. 5.5
for reference). We derive differential crater size
distributions and fit them with a model (Hart-
mann and Daubar, 2017) employing Poisson
timing analysis (Michael et al., 2016) using the
Craterstats software package (Michael and Neu-
kum, 2010). In Fig. 5.6, we show our crater map
and derived differential crater size distribution,
which is composed of two branches that follow
different isochrons—possibly indicating recent
resurfacing (see Section 3.3.1 for discussion).

In order to calculate the retention age of
the dark-toned floor unit, we fit 925 craters
85-670 m with a chronology model appropriate
for decameter-sized craters (Hartmann and Dau-
bar, 2017). The range of crater diameters in our
sample was chosen to include craters that would
likely postdate the formation of the dark-toned
floor unit based on its estimated thickness (10—
30 m, Schon et al., 2012; Shahrzad et al., 2019)
and the rollover diameter of the population.
Assuming an initial depth/diameter ratio of
0.2, it is relatively safe to assume craters whose
diameters <200-300 m do not predate the dark-
toned unit.

To estimate the rollover diameter on the
dark-toned unit, we employ bootstrapping as
explained in Section 3.3.1. The age we determine
for the dark-toned floor unit is 2.0 + 0.07 Ga,
slightly younger than the age obtained by Shah-
rzad et al. (2019) using the same model but a
more restricted diameter range, 2.6 + 0.2 Ga. It is
important to note these ages most likely repre-
sent the crater retention age rather than the age
of the unit (Hartmann, 1966). This is further dis-
cussed in Section 3.3.1.

II. Can impact craters be used to derive reliable surface ages on Mars?
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FIGURE 5.6 (A) Crater statistics on a subset region of the dark-toned (volcanic) floor unit of Jezero crater, close to the land-
ing site ellipse near the western delta. By fitting a model age appropriate to our diameter range and Poisson timing analysis
probability density function (Michael et al., 2016; Hartmann and Daubar, 2017), we derive an age estimate of ~2.0 + 0.07 Ga.
We only fit a model age to diameters greater than the rollover point (filled circles). (B) The spatial distribution of the craters on
the dark-toned floor unit. The black line shows the edge of the subset region considered to make the differential plot in (A)
and the white ellipse shows the approximate Mars 2020 landing site ellipse.

3.2.2 The northern and western delta fan
units

Some of the stratigraphic evidence suggests
both delta fan units precede the dark-toned floor
unit, which embays them in many locations
(Goudge et al.,, 2015). Unlike the dark-toned
surface, the delta fans do not efficiently retain
small craters, potentially due to the target mate-
rial’s higher susceptibility to erosion (Schuyler
et al.,, 2020) or physical characteristics, which
influence the crater dimensions during forma-
tion (see Section 3.3.4).

The double-branched size distribution of cra-
ters on the western delta fan of Jezero (~17 km?)
is likely evidence for aeolian resurfacing, which
is indicated by many eroded and shallow (bur-
ied) craters on the unit. Belva crater, the largest
crater on the delta unit, appears to postdate its

formation and, most likely, indicates the unit is
a few Ga old, in agreement with the eroded state
of craters on scales 100-200 m and models of
channel infill and subsequent erosion (Goudge
et al., 2018; Salese et al., 2020). The smaller cra-
ters on the western delta unit approximately fol-
low the 100-Ma isochron (Fig. 5.7) much like the
craters on the dark-toned floor unit.

The northern delta fan is significantly more
eroded than the western delta fan (Goudge
et al., 2015). This unit shows little evidence for
impact cratering, where the largest crater- like
depressions are no larger than ~50 m. As a
result, and while the geologic evidence sug-
gests it is older than the dark-toned floor unit,
the northern delta fan cannot be dated by using
crater counting. For the same reason, the lower
crater density on the northern delta does not
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FIGURE 5.7 Crater statistics on the western delta fan unit, which does not preserve craters as well as the dark-toned

(volcanic) floor unit.

necessarily imply it is younger than the western
delta.

3.2.3 The light-toned floor

The extent of Jezero’s delta fan units indi-
cates the crater’s lacustrine system has poten-
tially been active for extended periods of time
(Goudge et al., 2017). Consequently, it is not
surprising that the spectroscopic analysis con-
ducted by Goudge et al. (2015) and others found
great diversity in the types of geologic units on
the crater floor. Jezero’s LTF is morphologically
different than the dark-toned floor unit and is
covered by several dune fields. To determine
the retention age of this unit, it is necessary to
find a subset region that contains craters that
are large enough to survive erosion caused by
the likely granular, dune-covered, target mate-
rial, and subsequent aeolian erosion and burial.

In Fig. 5.8, we derive the model age of the LTF
using 232 craters on our chosen subset region,
the area of which is 36.16 km® Other parts of the
light-toned unit either were not as contiguous or
did not have enough craters to perform a statisti-
cally significant age estimate. We find that while
the depositional age of the unit is greater than
that of the dark-toned floor unit, its model age is
slightly younger, 1.7 Ga. This demonstrates well
the concept of retention age (Hartmann, 1966)
where the crater age of the surface is affected by
processes that occurred (or are still occurring)
after the surface had formed.

The differential crater size distribution on the
LTF unit reveals again craters that follow two dif-
ferent isochrons. It is interesting to note that the
younger branch of the distribution (at smaller
diameters) follows a similar isochron to the one
followed by the branches of the dark-toned floor
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FIGURE 5.8 Crater statistics on the light-toned unit. Much like the delta fan units, the light-toned unit does not preserve
craters well due to its extensive dune field.
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unit and the delta floor unit. The potential impli-
cations of this observation will be discussed in
the next section.

3.3 Analysis: challenges in crater
chronology within Jezero crater

3.3.1 How do conceptual challenges in
crater chronology affect the modeled age?

The age difference (~0.5 Ga) between our
analysis and the one performed by Shahrzad
et al. (2019) using the same chronology and
production functions does not necessarily sug-
gest disagreement. Rather, it emphasizes a fun-
damental challenge in crater chronology—that
only rarely will two crater counting efforts
return the exact same result. This is especially

5. Challenges in crater chronology on Mars as reflected in Jezero crater

true within more limited regions that are sensi-
tive to erosion, such as Jezero crater.

The floor of Jezero crater is a textbook exam-
ple of some of the challenges in crater counting
on Mars, where aeolian landforms often create
closed shapes (in map view) that imitate the cir-
cular shape of craters. In Fig. 5.9, we annotate
a few of these features, which resemble impact
craters in their general shape. Even though these
features could be identified as craters, careful
examination shows their walls are a part of the
elongated aeolian features that cross the scene
diagonally from top to bottom. This example
emphasizes crater counting is often prone to
observation biases and personal experience
(Greeley and Gault, 1970). As a result, it is impor-
tant that a rigid set of criteria is defined during

FIGURE 5.9 Distinguishing between impact craters and other depressions with a closed shape in map few is often dif-
ficult and may pose a serious challenge in the data collection (crater counting) stage. Red circles show features identified as
impact crater by comparing several HiRISE images. White arrows show a few examples of features that may resemble craters
but were not counted in our survey. Our criteria for identifying depressions as impact craters are a closed, circular shape in
map view and smooth floor. For example, the flat depression at the center left border of the image may be a heavily eroded,

infilled crater—but was not counted as one.
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crater chronology studies, which defines what
feature to classify as impact craters. For exam-
ple, our criterion for classifying a depression as
an impact crater is a closed shape (in map view),
circular (or nearly circular) rims, and a smooth
floor. To further rule out false positives, we com-
pared several HiRISE images taken in different
illumination conditions.

Different classification criteria may lead to dif-
ferent age determination, even when using the
same model. To demonstrate this, we fit craters
in the diameter range considered by Shahrzad
et al. (2019) with the same chronology model
as earlier, this time removing seven craters that
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only loosely match our classification criteria. In
Fig. 5.10, we show these craters along with the
fitted cumulative plot model age, which shows
removing them from our sample decreases the
modeled age by 200 Ma. When removing the
same features from our original fit that contains
a greater number of small craters, the fitted age
only changes by ~1%.

Having said that, and since this study focuses
on challenges in crater chronology, it is worth-
while to discuss how the Shahrzad et al. (2019)
methodology differs from the one we employed
here. In their survey, Shahrzad et al. (2019) noted
the lower limit for considering craters useful

FIGURE 5.10
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Including small craters in age determination can help resolve classification ambiguities that affect the

model age. (A) and (B) Depressions ruled out as craters (white arrows) in this study but counted as craters in previous stud-
ies (Shahrzad et al., 2019). (C) Here we show that if the sample only includes craters >177 m [as in Shahrzad et al. (2019),
however, counted over a smaller region], removing seven ambiguous depressions [panels (A) and (B)] that may be classified
as craters change the model age (red vs. black lines) by 10%. If the same seven large craters are removed from the fit in Fig. 5.6
that contained an order of magnitude more craters, the modeled age does not change.
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FIGURE 5.11 We constrain the rollover diameter of the crater size distribution using bootstrap analysis to be ~85 + 18 m.
(A) The distribution of the rollover diameters over 5000 iterations, each containing at least 50 craters. Values in legend in-
dicate the mean and standard deviation of the bootstrap distribution. (B) The spatial distribution of craters within Jezero’s
dark-toned (volcanic) floor unit. Circles show a few example iterations of our bootstrap model used to cookie-cut craters and
make the distribution in panel (A). (C)—(E) The power-law size distribution for several example iterations. We first fit a power
law to the right-hand branch of the size distribution and calculate the difference between the fit and size distribution. The
rollover diameter is estimated as the diameter in which this difference decreases e-fold.

for dating is not a factor of the image resolu-
tion (a few m/px) but of small-scale geological
processes that accelerate crater erosion. Based
on the rollover diameter of three subregions of
the dark-toned floor unit, they found the crater
size distribution deviates from the production
function between 50 and 100 m and concluded
that counts of craters <100 m are significantly
affected by erosion or coverage. As a result, and
due to additional spatial non-uniformity more
prevalent in smaller craters, they only counted
craters >177 m. This limited diameter range may
affect the derived crater age of the dark-toned
floor unit not only because it increases the vari-
ance associated with a smaller sample size, but
also since some of the counted craters, the depth
of which is equivalent to the estimated thickness
of the unit (10-30 m, Schon et al., 2012; Shahrzad
et al., 2019), could have, in theory, preceded the
unit’s emplacement.

In an attempt to increase the survey diame-
ter range and achieve more statistically robust
results, we constrain the rollover diameter of

craters using bootstrapping (Efron and Tibshi-
rani, 1985, see also Fig. 5.11). Bootstrapping is
a well-known statistical method for measur-
ing the properties of estimators of a dataset
by randomly sampling it with replacement.
Instead of describing the data using a single
value, bootstrapping could add information
about the spatial variability of the sample bias
or variance.

We create circular Boolean masks, the radii
and position of which are drawn from a uni-
form distribution. We first choose the circle
radius between 3 and 5 km, and then random-
ize its position such that its entire area is con-
tained within the floor unit. In each of the 5000
bootstrapping iterations, we calculate the roll-
over diameter defined as the e-fold difference
between the power-law part of the size distribu-
tion and the part deviating from that power law.
We discard bins with <50 craters. In Fig. 5.11,
we show the mean rollover diameter based on
our analysis is ~85 + 18 m and consequently
choose to use craters >85 m. Our method could
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be utilized as a robust estimate of the rollover
crater diameter in other cases.

3.3.2 Is the dark-toned (volcanic) floor unit
contaminated by secondary craters?

The areal density of craters on the dark-toned
floor unit varies quite significantly, with what
appears to be a decreasing east-west density
gradient (Fig. 5.12A). The higher crater density
in the northeastern part of the dark-toned floor
was also noted by Shahrzad et al. (2019), who
suggested a few possible causes, among which
is contamination by secondary craters.

The question of whether contamination by
secondary craters can potentially affect the sur-
face age derived from crater chronology is an
actively researched topic in planetary sciences.
Observations conducted by Shoemaker (1965)
on Mare Cognitum on the Moon have revealed
a production function, the slope exponent of
which for craters <1 km is significantly steeper
than the average slope in the lunar mare previ-
ously estimated by Hartmann (1964) and others
for craters >1 km. Later studies (Wilhelms, 1976;
Schultz and Singer, 1980) further explored the
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spatial characteristics of secondary craters clus-
ters and found a significantly steeper slope of
~4 and a shallower, more elliptical morphology
due to the typically more oblique impact angle
and generally lower impact velocity. Due to the
steeper slope of the secondary size distribu-
tion compared to the primary size distribution,
it was speculated that secondary craters could
be significantly more numerous at smaller sizes
than primary craters and affect the modeled age
(Shoemaker, 1965; Soderblom et al., 1974).
During the past two decades, studies have
suggested some km-sized craters on Mars such
as Zunil crater (~10 km) may produce up to tens
of millions of secondaries that extend hundreds
of crater radii away from the primary impact
(McEwen et al., 2005; Preblich et al., 2007). While
this somewhat alarming result seems to imply
secondaries may have a large cumulative effect
on the average crater size distribution, more
recent analyses have concluded that the major-
ity of secondary craters on the Moon and Mars
form close to the primary crater or along rays
(Quantin et al., 2016; Williams et al., 2018; Bier-
haus et al.,, 2018). However, the contribution
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FIGURE 5.12 Variations in crater size distribution across the dark-toned (volcanic) floor unit. (A) The density of impact
craters >50 m on the mafic floor unit is higher in the northeastern part of the basin divided into equal-area bins ~1 X 1 km. (B)
and (C) Differential distribution of craters in the western side (B) and the eastern side (C) of the dark-toned floor unit, also em-
phasized by the white dashed line. The eastern and western crater size distributions are different both in the absolute crater
density, but also in the average crater diameter, which is nearly double in the eastern side. Using the Kolmogorov-Smirnov
test, we reject the null hypothesis that the craters from both sides of Jezero originate in the same distribution (P < 0.01).
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of distant secondaries to the crater production
function is still unclear. This topic is reviewed
in depth in (Chapter 6: The Role of Secondary
Craters on Martian Crater Chronology).

We verify the observation that craters on
the eastern side of the dark-toned floor are
denser than craters in the western part using
a Kolmogorov-Smirnov (K-S) one-tailed test
(Massey, 1951), and reject the null hypothesis
that craters in two sides of the floor unit come
from the same distribution [P < .01, also com-
pare lines in panels (B) and (C) of Fig. 5.12].

It appears both visually and statistically that
the crater density is higher in the eastern part of
the dark-toned floor unit, but the reason behind
this higher density is puzzling and poorly
understood.

The craters in the northeastern part of the
dark-toned floor unit do not resemble a field of
secondary craters, with no immediately iden-
tifiable clusters or crater chains. Additionally,
craters in that area do not appear to be more
elliptical or shallower compared to other parts
of the unit [see examples for distinctive second-
aries fields in Robbins and Hynek (2011)] and
it does not appear that Jezero crater is located
near a large recent primary crater that may have
contaminated it with secondaries (Robbins and
Hynek, 2014). However, contamination by sec-
ondaries ejected from more distant basins can-
not be completely ruled out.

Visually, the region with lower crater density
in the western part of the dark-toned floor unit
resembles the eroded delta fragments in tone
and smoothness more than it resembles the dark-
toned floor unit in the eastern, more heavily cra-
tered side (Fig. 5.13). This leads us to speculate
the reason for these patches of low crater density
is that they were exhumed from underneath the
delta deposits which eroded and disappeared
with time, or that increased aeolian erosion on
the western side of the crater removed material
from the delta fragments (blue islands near the
center of Fig. 5.5) onto the volcanic floor unit,

5. Challenges in crater chronology on Mars as reflected in Jezero crater

FIGURE 5.13 (A) A subset from the eastern side of
the dark-toned (volcanic) floor unit. (B) A subset from the
western side of the dark-toned floor unit. (C) An eroded
delta deposit. Even though it was identified to be part of
the dark-toned floor unit, panel (B) appears more muted
and visually resembles the delta deposit in panel (C) more
than it resembles the dark-toned unit in (A). This may imply
the area in the western part of the dark-toned floor unit was
once covered by delta deposits similar to (C) that had nearly
completely eroded with time.
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burying craters (Sweeney et al., 2018; Day and
Dorn, 2019; Warner et al., 2020).

We finally note that in contrast to the visual
geomorphological evidence, the crater size dis-
tribution shown in Fig. 5.6 may in fact support
the hypothesis of contamination by secondaries,
due to the apparent excess of craters 100-300 m
relative to craters >300 m that follow a younger
isochron. It should be noted, however, that the
limited number of craters >300 m reduces the
statistical significance of this claim.

3.3.3 How do aeolian erosion and infill
affect the crater size distribution?

Many geologic processes may fade or erase
craters: mechanical impact gardening (Gault
et al., 1974; Fassett and Thomson, 2014), seis-
mically induced mass wasting (Richardson
et al., 2005), exospheric ice (Deutsch et al., 2018;
Rubanenko et al.,, 2019), or volcanic infill
(Hartmann, 1999; Edwards et al.,, 2014). On
Mars, erosion is further accelerated by aeolian
processes fueled by Mars” atmosphere (Neukum
etal., 2001; Hartmann and Neukum, 2001; Smith
et al., 2008; Grotzinger and Milliken, 2012;
Michael, 2013). In some cases, the crater size
distribution preserves erosion and resurfacing
events that tend to have a greater effect on the
smaller, shallower depressions (as seen, e.g.,
near Olympus Mons in Fig. 5.3).

On a differential plot the size distribution
of an eroded or infilled population of craters
appears like a discontinuity, the branches of
which follow different production function iso-
chrons, as fresh craters form where previous
craters are lost [see, e.g., Figs. 5.6, 5.8, or 5.12,
and additional examples in Melosh (1989), Hart-
mann and Neukum (2001)]. The model age of the
older branch may help constrain the age of the
unit, while the model age of the younger branch
may help constrain the time at which the partial
resurfacing event occurred (Michael, 2013).

The effect of resurfacing on the crater age of
a geologic unit may be seen by comparing the
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crater size distributions analyzed earlier: even
though the stratigraphic relations interpreted by
Goudge et al. (2015) would imply the delta unit
precedes the dark-toned floor unit, its eroded or
infilled crater size distribution appears to repre-
sent a significantly younger retention age. The
same is true for the LTF unit, in which aeolian
features may have affected the crater size distri-
bution by removing or eroding craters. It is also
interesting to note the younger branch of all the
surveyed units in Jezero crater follows approxi-
mately the same isochron, 10-100 Ma. This may
imply a geologic process erased craters on scales
<100 m across all the geologic units of Jezero.

Some of the disagreement between this sur-
vey and previous surveys (Shahrzad etal., 2019;
Schon etal., 2012; Goudge et al., 2012) may stem
from the limited count area. Surveying limited
count areas increases the statistical uncertainty
in the derived model age due to the smaller
sample size and the natural spatial variability
that exists even within a single geologic unit
(Pasckert et al., 2015; Williams et al., 2018). As
resurfacing tends to affect smaller craters more
than larger craters, its influence grows when
the surveyed area is small (Warner et al., 2015).
More recent probabilistic models (Palucis
et al., 2020) have determined the highest uncer-
tainty occurs for surfaces whose age is ~2 Ga,
which is close to the crater age of the dark-
toned floor unit. For landscapes that exhibit
limited erosion, an accurate surface age may be
predicted on the condition that the ratio of the
square root of the tested area to the minimum
crater diameter does not exceed ~200 (Palucis
et al., 2020). This condition is met for our sur-
vey of the dark-toned floor unit but not for pre-
vious surveys (Shahrzad et al., 2019). However,
when considering a moderate erosion rate of
25 nm year’l, a much greater minimum area
of 10* km? is required. This should be consid-
ered if a sample obtained from the dark-toned
floor unit will be used in the future to calibrate
Mars’s crater chronology.
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3.3.4 How do the target material properties
affect crater chronology?

The previous sections have dealt with the
evolution of cratered surfaces over time and
the concept of crater retention age. In addition
to these challenges, the geological diversity of
Mars—a consequence of its prolonged history of
surface water and active atmosphere—has led
to significant differences in the target material
properties of cratered terrains, thereby affecting
their formation diameters and size distribution,
and the derived retention ages. This is empha-
sized within fossilized lacustrine systems such
as Jezero crater, where sharp boundaries sepa-
rate morphologically distinct deposits lying side
by side on the crater floor.

The target material properties affect the for-
mation process in all three crater formation
stages (see Section 2.1). In the compression and
excavation stages, denser, bulkier material will
naturally better resist the penetrating projectile
and the propagating shock wave. In the modi-
fication stage, material strength and porosity
become important with bedrock retaining the
crater transient shape better than loosely packed
regolith (Dundas et al., 2010; Stopar et al., 2017).

Physical laws linking the target properties,
the impactor energy, and the crater dimensions
were first introduced following experiments
conducted on controlled TNT explosions (Lamp-
son, 1946; Chabai, 1965). These initial studies
led to the current extensive, quasi-experimental
crater scaling formalism that links the impact
energy and the target properties to the volume
of the transient crater V, formed on the surface,
employing Buckingham’s 7 theorem of dimen-
sional analysis (Holsapple and Schmidt, 1987;
Schmidt and Housen, 1987; Holsapple, 1993;
Richardson, 2009),
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where m;, a;, v;,, and p; are the mass, radius, veloc-
ity, and density of the impactor; p; is the target
material density, g is the acceleration due to grav-
ity; and K;, Y, and u are experimentally derived
properties of the target material. Y is the target
material strength, which has units of pressure,
1/3 < u < 2/3is a parameter that affects the phys-
ical dimensions of the coupling parameter (see
Holsapple and Schmidt, 1987) and determines if
the impact is governed by the impactor momen-
tum (u = 1/3) or kinetic energy (u = 2/3) and K;
is a proportionality constant. For example, for
loose sand Y ~ 0 Pa, 1= 0.41, and K; = 0.24 while
for hard rock Y ~ 107 Pa, u = 0.55, and K; = 0.2.
Other typical values for these constants may be
found in Holsapple (1993) and Williams et al.
(2014). The crater diameter may be obtained by
taking the cube root of the volume, V = 7D°/24.

In order to demonstrate the effect of material
strength on the crater size distribution, we use a
Monte Carlo model that is based on the Cratered
Terrain Evolution Model by Richardson (2009).
Our model employs 7-scaling (Eq. 5.3) and real-
istic ejecta (Richardson et al., 2007) to randomly
form craters on an initially smooth (without
craters) surface and simulate impact-related
processes. We choose four example material
properties from Holsapple (1993): dry sand, two
types of dry soil, and hard rock. For each set of
material properties, we form crater populations
using the same production function: a power-
law impactor size distribution with b = 2.5 for
500 Ma (see Section 2.1). In all of the simulations,
we set the impactor density to p; = 1500 kg m™>,
the impact velocity to v; = 20 km s~ and assume
a Martian-like g =3.7 m s>

Panel (A) of Fig. 5.14 shows four differential
distributions, one for each crater population,
along with isochrons from the Ivanov (2001)
production function. Even though we employed
the same impactor size distribution in forming
the craters, their derived age is different by up
to two orders of magnitude. In panel (B), we
show four snapshots, one from each simulation
that demonstrate material properties not only
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FIGURE 5.14 The effect of material properties on the crater size distribution, and the derived age of the surface. We use
our Monte Carlo model to simulate an impactor size distribution with b = 2.5 for 500 Ma. The results deviate slightly from
the isochrons since the power-law coefficient we employed assumes the impact rate measured for Earth bolides (Brown
et al., 2002), corrected for Mars (Le Feuvre and Wieczorek, 2011). We assume an impactor density of p; = 1500 kg m~?, an im-
pact velocity of v; =20 km s " and ¢ = 3.7 m 5% To simulate targets with different material properties, we use parameters from
Holsapple (1993). (A) The crater size distribution for four sets of target properties: dry sand (1 = 0.41, K; = 0.24, Y = 0 Pa), two
types of dry soil (1= 0.41, K; =0.24, Y = 0.2 and 2 MPa), and hard rock (u = 0.55, K; = 0.2, Y = 20 MPa), with isochrons drawn
from the production function due to Ivanov (2001). Even though the impactor size distribution is identical for all surfaces, the
derived age is significantly different. (B) Four snapshots showing part of the simulated 500 Ma old surface. Note the differ-
ent crater size distribution and morphology in each case. The image panels in (B) only show part of the simulated surface as

example and should not be regarded as representative of the complete surface crater size-frequency distribution.

change the crater age but also the morphology
of the cratered surface. Our results indicate that
the target material properties have a significant
effect on the observed crater size distribution—
which may help resolve some of the differences
between the ages derived from the size distribu-
tions we analyzed in Section 3.2.

4 Discussion and conclusions

Mars’ history of surface water and active
atmosphere invites challenges that interfere with
our ability to reliably date its surface through
crater counting. Previously we reviewed some
of these challenges, adopting as a case study the
crater Jezero, the landing site of the Mars 2020

mission. Understanding the size distribution of
craters within Jezero is important, as the radio-
metric age of samples obtained from the basin
floor could be used in the future to calibrate cra-
ter chronology studies on Mars.

In order to demonstrate how these challenges
affect the measured crater size distributions on
the floor of Jezero, we have compiled a catalog
of 3274 craters complete to ~50-70 m, depend-
ing on the surveyed unit (see Fig. 5.11). Our
study focused on comparing the age derived
from the crater size distributions to the depo-
sitional age of the units derived by interpreting
the local geology. Employing crater chronology,
we have dated three prominent geologic units
found within Jezero crater: the dark-toned floor
unit, the LTF unit, and the western delta fan
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unit. Due to the near absence of craters on the
northern fan unit, we were not able to reliably
derive its crater age.

Of all the geologic units on the floor of Jezero
crater, the dark-toned floor best records and
preserves impact craters over time. In order to
extend the range of craters previously used to
date the unit, we employed bootstrapping to bet-
ter estimate the rollover diameter of the crater size
distribution. The crater age we found for the dark-
toned floor unit, 2 + 0.07 Ga, is slightly lower than
previous estimates (Shahrzad et al., 2019). This
discrepancy, along with recent models showing
erosion may significantly alter the crater age of
limited count regions (Palucis et al., 2020), should
be taken into account when calibrating the crater
age of the surface of the dark-toned floor with its
measured radiometric age.

In contrast to the geologic evidence, which
may indicate the dark-toned floor unit embays the
delta fan units, their crater retention age suggests
the former is an order of magnitude older than
the latter. Previously we have shown that due to
extensive erosion, which is in part a function of
the material properties, the crater size distribution
on the delta fans potentially represents a younger
age. This is further bolstered by the presence of
Belva crater that matches the ~3 Ga isochron and
better agrees with the derived depositional age
of the unit. This discrepancy demonstrates well
that crater chronology is a proxy of the time dura-
tion that a surface has been exposed to impac-
tors, rather than the age of the geologic unit, and
should always be incorporated with knowledge
about the geology of the target material.

Unlike the delta fan units, which show exten-
sive erosion, craters on the LTF unit are better
preserved and should provide a more accurate
estimate of the retention age of the unit. However,
once again, the derived model age (1.7 + 0.3 Ga)
disagrees with the superposition relationship of
the unit determined from images. Here, the dif-
ferences could be related to the different material
strength of the units. Previously we have shown
that in some cases the age estimate is heavily

5. Challenges in crater chronology on Mars as reflected in Jezero crater

influenced by the target material properties that,
in the case of craters ~10-100 m, could differ by
up to an order of magnitude. This again dem-
onstrates the large errors that may be associated
with dating cratered terrains without estimates
of the target material properties.

Previously, it was postulated (Shahrzad
et al., 2019) that the large variability in crater den-
sity on the floor of Jezero may be related to the
presence of a cluster of secondaries. In order to test
this hypothesis, we inspected the morphology of
craters on the floor of Jezero but found no clusters
or crater chains. Additionally, craters in the area do
not appear more elliptical, or located near a large
recent primary crater. Instead, we suggest the dif-
ference in crater density on the floor of Jezero is
probably related to the geology of the delta units.
The tone and morphology of the areas with the
lowest crater density in Jezero resemble the sur-
face surrounding the delta fan units. This puzzling
line of evidence may suggest the west delta fan
extended well inside Jezero, protecting the floor
underneath it or that the superpositional relation-
ships between the dark-toned floor unit and the
delta units are not yet entirely known. It is also
likely that wind currents within the basin lofted
material that partially covered or buried small cra-
ters found east of the delta fragments (see Fig. 5.5).

Curiously, the differential distribution of all
cratered units within Jezero shares a younger
power-law branch in their size-frequency distri-
bution between ~10 and 100 m. This observation
is puzzling and may indicate a widespread geo-
logic resurfacing process has recently (~100 Ma)
occurred in the crater on a large scale. We note
that such an event would have to be significant
in order to erase these ~50 m craters—the initial
depth of which was likely ~5-10 m but are unable
to present evidence to help us constrain its nature.
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