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Abstract

The influence of secondary craters on the accuracy of crater chronology has been heavily debated. We review the pro-
duction of secondaries on Mars and their cumulative effect on the global crater size-frequency distribution (SFD). We
characterize the SFD of secondaries produced by four large primaries (~50-220 km) and develop a model for second-
ary accumulation with time, accounting for spatial clustering. The number of km-scale secondaries produced globally
may exceed primaries by an order of magnitude on Ga timescales. However, most secondaries are clustered around
their parent primary, and regions far from large primaries have lower concentrations of secondaries. We estimate that
the crossover diameter between primaries and secondaries on a median surface exceeds 1 km after ~1-2 Ga, though
subsequent crater erasure has significantly influenced the number of secondaries visible today. Because of the high
spatial variability of secondaries, care should be taken when using small craters for crater counts.

1 Introduction

Impact craters dominate the landscapes of
many planetary bodies. On Mars, a variety of
geologic processes active throughout its past
have erased pre-existing craters, resulting in
some regions with very few craters, and other
regions that have retained a high spatial density
of craters from billions of years of bombard-
ment. Barly studies recognized that the relative
abundance of impact craters on a surface could
be used as an indicator of its age (Baldwin, 1949;
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Kreiter, 1960; Opik, 1960; Shoemaker et al., 1963).
Lunar samples obtained from the Apollo mis-
sions provided radiometric and cosmic ray ex-
posure ages for several regions of the Moon,
and crater counts in these regions were used to
calibrate models of the absolute cratering rate
(Arvidson et al.,, 1975; Neukum, 1983; Hart-
mann and Neukum, 2001; Neukum et al., 2001;
Stoffler and Ryder, 2001; Robbins, 2014). The field
of “crater chronology” has since become one of
the most fundamental tools in planetary science
and is the principal method of estimating surface
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age throughout the solar system. An understand-
ing of crater chronology is critical to interpreting
the timing of major events in Mars’ past.

Primary impact craters form when asteroidal
or cometary material collides with the surface at
hypervelocity, ~10 km/s on average for Mars
(Ivanov, 2001). This results in the formation of
a roughly circular depression (Melosh, 1989).
Some of the ejected target material fragments
are energetic enough to form craters of their own
upon re-impacting the surface; these are termed
secondary craters or “secondaries.” Primary cra-
ters are often surrounded by a swarm of small-
er secondary craters; single primary impacts
have been shown to produce 10°-10° second-
ary craters, which form nearly instantaneously
in geologic time (Bierhaus et al., 2001; McEwen
et al., 2005; Dundas and McEwen, 2007; Preblich
et al., 2007; Williams 2018). This introduces a
complication for crater chronology, which relies
on the predictable accumulation of craters with
time following a knowable size distribution and
rate. The effect of secondary craters on the ages
derived from crater counting has been heavily
debated since the 1960s. In the last few decades,
several high-resolution and high-quality imag-
ing datasets with good global coverage have
become available for Mars which allow us to
better constrain the production of primary and
secondary craters and assess the importance of
secondaries for crater chronology there. In this
work, we (1) review the history of the second-
ary crater literature, (2) use a global catalog of
Martian craters to constrain the number of sec-
ondaries produced by several large primary cra-
ters (~50-220 km), and (3) present a new model
for the global accumulation of secondary craters
with time, including the effect of spatial cluster-
ing of secondaries around large primaries.

2 Review of crater size-frequency
distributions

The size-frequency distribution (SFD) of cra-
ters can be approximated as a power law, often
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expressed using the cumulative SFD (Crater
Analysis Techniques Working Group, 1979):

N=CD” (6.1)

where N is the number of craters larger than di-
ameter D, C is a coefficient, and b is a power-law
index that controls the ratio of large craters to
small craters. This appears as a straight line on
a plot of log D versus log N with a slope of —p.
The cumulative representation is commonly
used due to its simplicity; a list of crater di-
ameters can be sorted in descending order and
plotted against their rank, where the largest di-
ameter occurs at N = 1. The cumulative number
of craters is often divided by the count area, A,
to produce a spatial density. In this chapter, we
will denote absolute crater number using capital
letters and crater spatial density using lowercase
letters: n =cD" where c=C/ A.

The differential SFD is the derivative of the cu-
mulative SFD, or the number of craters within some
diameter range divided by the bin width (Crater
Analysis Techniques Working Group, 1979):

dN _ pCD- )

0 (6.2)

While less intuitive than the cumulative SFD,
the differential SFD corresponds to the number
of craters within some size range and is not af-
fected by the distribution of all larger craters.

In practice, crater populations do not strictly
follow a single power law across all diameters.
However, thisapproximation is often appropriate
for describing craters within limited size ranges,
and the concept of power-law slope is valuable
for discussing variations in more complicated
crater SFDs. Production functions (PFs) describe
the SFD of craters produced on a planetary sur-
face during some time. The commonly used Neu-
kum PF (Neukum et al., 2001) and Hartmann PF
(Hartmann, 2005; Hartmann and Daubar, 2017)
were developed using the observed SFD of lu-
nar craters. The historical cratering rate was
determined by correlating the absolute ages of
lunar samples to crater counts on related geologic
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units (Arvidson et al., 1975; Neukum, 1983; Hart-
mann and Neukum, 2001; Neukum et al., 2001;
Stoffler and Ryder, 2001; Robbins, 2014). This
rate has been relatively constant during the last
3 Ga, with a much higher flux prior to this. In
the absence of datable surface samples for Mars,
the Martian Neukum/Ivanov and Hartman PFs
have been scaled from their lunar counterparts
by accounting for differences in the mean im-
pact velocity, gravity, and proximity to the aster-
oid belt between the two bodies (Ivanov, 2001;
Hartmann, 2005; Hartmann and Daubar, 2017).
The Martian Hartmann PF also includes a cor-
rection for the loss of small craters due to atmo-
spheric effects (Hartmann, 2005). PFs can also be
developed using the SFD of the impactor popu-
lation instead of crater counts. For example, the
Williams PF uses the observed flux of bolides en-
tering the Earth’s atmosphere (Brown et al., 2002)
and crater scaling relationships (Holsapple, 1993)
to model the primary PF for the Moon and Mars
(Williams et al., 2014). Rubanenko et al. (2021)
(Chapter 5: Challenges in Crater Chronology on
Mars as Reflected in Jezero Crater) discuss crater
SFDs and the application of crater chronology in
more detail.

3 Review of the debate over the effect of
secondary craters

The first studies to discuss the size distribu-
tion of impact craters were performed using
the smallest craters on the Moon observable
through Earth-based telescopes (Young, 1940).
Hartmann (1964) measured the distribution
of lunar craters larger than ~8 km in diameter
and reported a slope of approximately —2 (note
unless otherwise specified, slopes given in this
chapter are cumulative). In 1964 the Ranger VII
mission to the Moon imaged Mare Cognitum at
high resolution, providing the first observations
of features smaller than ~100 m on the lunar sur-
face. This expanded the lunar crater SFD to sig-
nificantly smaller sizes. Shoemaker (1965) found
that the SFD of craters smaller than ~1 km has a
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slope of approximately —3.5, significantly steep-
er than the slope observed for larger craters. This
is sometimes referred to as the “steep branch”
of the SFD, relative to the “shallow branch” for
craters larger than ~1 km. Clusters of second-
ary craters associated with the ray systems of
nearby large primary craters were abundant in
Mare Cognitum images. Shoemaker (1965) clas-
sified craters as primary or secondary based on
their clustering and morphology. Secondaries
found close to large primaries tend to be shal-
lower in depth than primaries of the same size
and have irregular shapes (Shoemaker, 1965).
They often form in distinct clusters or chains,
sometimes so closely packed that they create
elongate composite craters (Fig. 6.1A and B).
This distinctive morphology is likely caused in
part by the relatively low velocities and close
proximity of impactors (Shoemaker, 1965; Me-
losh, 1989). Farther away from the primary, sec-
ondaries become less clustered and greater im-
pact velocities result in more circular secondary
craters (Fig. 6.1C and D). These distant second-
aries, sometimes termed “field,” “background,”
or “unrecognized” secondaries, can be more dif-
ficult to distinguish from primary craters.
Shoemaker (1965) states that the fraction of
secondaries in Mare Cognitum becomes larger
at smaller sizes: most craters larger than 1 km
were classified as primary while the majority
of craters between 300 m and 1 km were clas-
sified as secondary. Counts of secondaries
around large lunar primaries (Shoemaker, 1965;
Wilhelms et al., 1978) and terrestrial explosion
craters (Roberts, 1964) revealed power-law
slopes of roughly —4, similar to the steep slope
observed for lunar craters smaller than ~1 km.
Shoemaker (1965) proposed a model of total
crater accumulation where primary craters
dominate at large sizes but secondary craters
overtake them below some “crossover diam-
eter,” which varies by terrain age (discussed
further later) and Shoemaker (1965) estimates is
~200 m for the lunar maria. Shoemaker’s argu-
ment has sometimes been interpreted to be that
the “steep branch” observed in the SFD below
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FIGURE 6.1 Two examples of primary craters with systems of secondary craters. (A) Holden crater (153.8 km, —26.4°N,
—34.0°E) and (B) a field of nearby secondaries in the THEMIS daytime IR Global Mosaic (Edwards et al., 2011). (C) Gratteri
crater (6.9 km, —17.7°S, —160.1°E) showing distinctive low thermal inertia rays extending several hundred kilometers in the
THEMIS nighttime IR Global Mosaic (Edwards et al., 2011). (D) A High Resolution Imaging Science Experiment (HiRISE)
image of a cluster of secondaries ~120 km or ~34 crater radii from Gratteri crater (HiRISE EPS_026579_1630). Secondaries
close to their primary tend to have distinctive irregular morphologies, while distant secondaries are more circular and can be

difficult to distinguish from primaries.

1 km is caused predominantly by secondary
craters. However, Shoemaker preferred a model
for primary production that included a steepen-
ing at smaller sizes based on the size distribu-
tion of near-Earth objects (Brown, 1960), which
is consistent with our current understanding of
sub-km primary productionin theinnersolar sys-
tem (Ivanov, 2006; Williams et al., 2014; Speyerer

etal., 2016). Soderblom et al. (1974) adapted this
model for Mars and proposed that most of the
craters smaller than 1 km on Mars were of sec-
ondary origin.

While secondaries clearly contribute to ob-
served crater populations, there has been dis-
agreement on the effect that secondaries have on
the validity of crater chronology. The Hartmann
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PF excludes obvious secondary craters but in-
cludes both primaries and some unknown frac-
tion of background secondaries, making the as-
sumption that the more randomly distributed
background secondaries also record chronologi-
cal information (Hartmann and Daubar, 2017).
Some have argued that the majority of secondar-
ies can be identified by their morphology or clus-
tering, and therefore secondaries have a mini-
mal influence on derived surface ages if obvious
secondaries are carefully excluded from crater
counts (Konig, 1977; Neukum et al., 1975, 2001).
Because the largest craters on the surface con-
tribute most of the secondary craters, the cross-
over diameter should progress to larger sizes
for older terrains (Neukum, 1983, Neukum and
Ivanov, 1994; Werner et al., 2009). This effect is
illustrated well by the results of Wilhelms et al.
(1978) who found that secondaries formed by
lunar basins result in a crossover diameter in
the highlands of ~20 km, much larger than the
200 m value Shoemaker (1965) proposed for
the younger Maria. Neukum and Ivanov (1994)
found that when “obvious” secondaries were
excluded from counts, the SFD maintained an
increase in slope for craters smaller than ~1 km
for terrains of all ages and argued that this meant
that the PF reflected predominantly primaries.
The observation of a steep slope for 200-600 m
diameter craters on Gaspra, which is expected
to have very few secondaries because of its low
escape velocity, provided additional evidence
that the primary impactor population includes a
steepening below ~1 km (Chapman et al., 1996).

Others have noted that secondary craters
sufficiently far from their parent primary look
nearly indistinguishable from primary -cra-
ters of the same size and are often not clear-
ly clustered (Shoemaker, 1965; Soderblom
et al., 1974; McEwen and Bierhaus, 2006). This
is exemplified by young Martian craters with
well-preserved secondary-containing ray sys-
tems, which extend hundreds of crater radii
in some cases (McEwen et al., 2005; Torna-
bene et al., 2006; Preblich et al., 2007; Quantin
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etal., 2016; Williams, 2018; Williams et al., 2018),
as revealed by their thermal signature observed
by the Thermal Emission Imaging System
(THEMIS) on the Mars Odyssey spacecraft
(Christensen et al., 2004). In particular, a ~10 km
rayed crater on Mars, Zunil (7.7°N, 166.2°E), is
estimated to have produced ~10° secondary
craters larger than 10 m in diameter (McEwen
et al., 2005; Preblich et al., 2007). This is com-
parable to the number of primary craters of the
same size expected to have been produced dur-
ing the last few Ma, the estimated age of Zunil.
Almost all of these were formed at ranges great-
er than ~16 crater radii and lack the distinctive
morphological characteristics commonly used
to identify secondary craters. This finding, as
well as a similar study of secondary craters on
Europa published around the same time (Bi-
erhaus et al., 2005), led to renewed interest in
the problems that secondaries could pose for
chronology models. This led some researchers
to suggest that the small crater population on
Mars may be dominated by “field” or “back-
ground” secondaries of distant large primaries
and that the PFs developed from crater counts
excluding only obvious secondaries may not be
representative of the primary crater population
(McEwen and Bierhaus, 2006). Modeling work
by Bierhaus et al. (2018) demonstrates that there
is likely significant variation in the expression
of secondary crater populations throughout the
solar system, depending on effects like surface
gravity, escape velocity, and typical impact ve-
locity. For example, field secondaries may be
especially important for the Moons of Saturn,
where their relatively low surface gravities re-
sult in more globally distributed secondaries.
Conversely, bodies with high surface gravity
like the Moon and Mars show more clustered
secondary fields. This results in a high regional
variability in crater spatial density.

These stances have not yet been fully rec-
onciled. Ultimately, the relative importance of
secondaries can be determined if both (1) the pro-
duction rate of primaries and (2) the distribution
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of secondaries produced by individual prima-
ries are known. While conceptually simple, ob-
taining definitive measurements for either of
these has proved complicated, though modern
datasets with high resolution and global cover-
age are providing valuable insights. We address
both components in the following sections.

4 Constraining the flux of small primary
craters

One of the largest debates in the study of
secondary cratering is: Do commonly used
PFs largely reflect primary crater production,
or have they been significantly influenced by
secondary craters and thus represent the ac-
cumulation of primaries plus some unknown
fraction of secondaries? The identification of
several small craters formed on Mars within
the last few decades provides a unique oppor-
tunity to isolate the current primary crater-
ing rate. Malin et al. (2006) identified 19 new
craters using the Mars Orbiter Camera (Malin
et al., 1992) on the Mars Global Surveyor
spacecraft. New craters were identified by the
appearance of dark spots in repeated imagery,
which result from the removal of a surface lay-
er of bright dust by the impact blast. Daubar
et al. (2013, 2014) expanded this survey us-
ing observations from the Context Camera
(CTX) (Malin et al., 2007) and High Resolu-
tion Imaging Science Experiment (HiRISE)
(McEwen et al., 2007). The most recently pub-
lished SFD includes 110 impacts with dates
constrained by CTX before and after images
(Daubar et al., 2014). Over half of the impact
sites are clusters of craters instead of individ-
ual primary craters due to fragmentation of
the impactor in the atmosphere. Effective cra-
ter diameters for the clusters were estimated
by summing the volumes of craters within each

cluster: Deff=(2”D,.3)l/3 (Malin et al., 2006;
Daubar et al., 2013; Ivanov et al., 2014). The
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effective diameters of these impacts range from
~1 to ~40 m. These are expected to be primaries
as they appear across extensive areas of Mars
and have a range of formation dates. Addition-
ally, creating secondaries of this size would re-
quire a primary crater at least a few 100 m in
diameter (Schultz and Singer, 1980), which has
not been observed.

Fig. 6.2 shows the SFD of new Martian craters
identified by Daubar et al. (2013, 2014). The num-
ber of new craters ~15 m in diameter is three
to five times lower than predicted by the Hart-
mann and Ivanov PFs. The SFD of new craters
also has a shallower slope than either PF in this
size range, resulting in better agreement with
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FIGURE 6.2 New primary craters observed by the
High Resolution Imaging Science Experiment (Daubar
etal., 2013, 2014) in root-2 bins normalized to an annual flux.
Note that in the figure in Williams (2018), data were plotted
at bin edges rather than the geometric bin centers as is done
here. The SFD of ~15 m new craters identified on Mars is ap-
proximately three to five times lower than expected from the
production functions. The best fit differential slope is —2.98
(or b=1.98) for craters larger than 5.5 m. Modified from Wil-
liams (2018).
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the PFs for the largest new craters observed. The
cause for these discrepancies is currently unre-
solved, though several possible explanations
have been proposed.

One option is that the counts used to derive
the PFs include unrecognized field secondaries,
resulting in an overprediction of the number of
decameter-sized craters. Hartmann et al. (2018)
use the observation that ~50% of new craters
form clusters to estimate the secondary contri-
bution for several regions of Mars. They pro-
pose that the total number of primary craters in
a region should be roughly double the number
of clusters, and that any additional individual
craters may be field secondaries. Using this ap-
proach, they estimate that ~40-80% of craters
~20-250 m in diameter may be field secondar-
ies, with greater percentages at smaller sizes. The
catalog of new craters likely oversamples crater
clusters because their larger footprint is easier to
detect from orbit than the equivalently sized in-
dividual primary (Daubar et al., 2019), so these
results may be an upper bound. Williams et al.
(2014) demonstrate that a PF developed using
the current flux of terrestrial bolides agrees with
the Hartmann PF. Because the Williams PF repre-
sents only primary impacts, this result indicates
that the Hartmann PF should contain relatively
few secondaries in the decameter size range. Ad-
ditionally, the formation rate of new craters on
the Moon agrees with the lunar Neukum PF, dif-
fering by only ~33% (Speyerer et al., 2016). This
suggests that secondary craters do not make a
significant contribution to the lunar PFs, from
which their Martian counterparts are derived.

The catalog of new Martian impacts is also
known to be incomplete. Because new impacts
are detected by the formation of dark spots, the
catalog is biased toward the dustiest areas of
Mars. This was addressed in Daubar et al. (2013)
by considering only regions with a high dust
cover index. However, Daubar et al. (2014) show
that dark spots are not uniformly distributed
even in dusty regions. Compensating for spatial
variations in detection efficiency may increase
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the new crater SFD by a factor of ~1.7 or more.
This may also partially explain the shallow
slope of the new crater SFD, as it is likely that
small craters are more affected by the variations
in the terrain properties that cause non-uniform
dark spot detection (Daubar et al., 2015). Ad-
ditionally, dark spots may fade due to Aeolian
processes. A study of dark spot changes over
time shows that the median blast zone has a
lifetime of ~8 Martian years, an order of mag-
nitude longer than the average interval between
CTX images for detected dark spots (Daubar
et al., 2016). However, some small craters do
show more rapid changes and some potentially
may fade prior to detection.

Alternatively, ablation or deceleration of im-
pactors in the atmosphere could result in smaller
craters, especially if fragmentation occurs prior
to impact. The Hartmann PF and Williams PF
account for the influence of the atmosphere on
crater size (Popova et al., 2003), though it is pos-
sible that these models underpredict this effect
(Ivanov et al., 2014). It is also possible the ob-
served SFD is the result of real fluctuations in the
impact rate. While current crater chronologies
suggest that the cratering rate has been relatively
constant over the last ~3 Ga, it may vary on short
timescales due to collisions or breakup events in
the asteroid belt, but it is still under investigation
at what crater diameters this effect would be no-
ticeable (Bottke et al., 2007; Nesvorny et al., 2009;
Vokrouhlicky et al., 2017; Mazrouei et al., 2019;
Terada et al., 2020; Kirchoff et al., 2021).

Considering the many assumptions involved
with developing a crater chronology for Mars
and the complicated processes that may influ-
ence new crater detection, the agreement of the
new crater SFD with the Hartmann and Ivanov
PFs is generally quite good. The observed dis-
crepancy likely results from some combination
of the previously discussed effects. However,
regardless of the dominant cause, these results
confirm that the “steep branch” of the Martian
SFD observed for craters <1 km cannot solely
be attributed to secondaries. An extrapolation

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



130

of the “shallow branch” to these smaller sizes
underpredicts the number of new craters by a
factor of ~10%, much greater than the observed
discrepancy of 3-5.

5 Production of secondaries by Martian
primaries

The total number and size distribution of sec-
ondaries produced by individual primaries has
proven difficult to fully characterize observation-
ally. The common approach is to consider only
obvious secondaries using indicators like cluster-
ing or by their distinctive morphology, including
location in rays. Shoemaker (1965) identified ob-
vious secondary craters around Langrenus cra-
ter (130 km, —8.9°N, 60.9°E) on the Moon and
found that the SFD approximately followed a
power-law distribution with a slope of roughly
—4. The largest secondary identified around
Langrenus was ~5% the size of the primary.
This agreed fairly well with counts of secondar-
ies around the Sedan nuclear explosion crater
(390 m) on Earth which also showed a slope of
—4, though the largest secondary was ~8% the
size of the primary (Shoemaker, 1965). Schultz and
Singer (1980) studied the secondary populations
of a small sample of large craters on the Moon,
Mercury, and Mars and found that few secondar-
ies are formed larger than 5% the size of the pri-
mary, though examples of larger secondaries are
not uncommon. Target properties also influence
secondary production on Mars. Calahorra crater
(34.2 km, 26.45°N, —38.65°E), which formed in
Chryse Planitia, showed a similar ejecta structure
and secondary distribution to craters on Mercury
and the Moon (Schultz and Singer, 1980). How-
ever, Arandas crater (24.8 km, 42.41°N, —15.03°E)
and Davies crater (48.1 km, 45.96°N, 0.09°E),
which formed in the fractured plains region and
have extensive flow lobes, showed very few sec-
ondaries larger than 2% of their diameter.

Robbins and Hynek (2011b) use a global da-
tabase of all Martian craters larger than 1 km
(Robbins and Hynek, 2012) to examine the
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secondary populations of 24 large Martian pri-
maries ~20 to ~220 km in diameter. They clas-
sify craters in their nearby secondary field as
primaries or secondaries using morphological in-
dicators. The secondary SFDs have a wide range
of power-law slopes between —3.3 and —8 over
certain diameter ranges. The secondaries consid-
ered in this survey typically peak in number at 2.4
crater radii and extend to roughly 6 crater radii.
Robbins and Hynek (2011a) studied the distant
secondaries of Lyot crater (220 km, 50.8°N, 29.3°E)
and identified ~150 clusters of secondaries as far
as 5200 km or ~50 crater radii away. The number
of distant craters identified is about an order of
magnitude fewer than the number of secondaries
proximal to Lyot crater, though this is an under-
estimate as only clusters of secondaries were in-
cluded. However, this demonstrates that second-
ary contamination can occur even in regions that
are far from large primaries. Robbins and Hynek
(2014) catalog all Martian craters as primary or
secondary and estimate that at least 19% of the
craters >1 km globally are secondaries. This study
presents a conservative underestimate, as many
distant secondaries which lack clear morphologi-
cal indicators were likely not identified.

Several other rayed craters in addition to Zunil
were identified in THEMIS nighttime imagery
(Tornabene et al., 2006). Quantin et al. (2016) per-
formed crater counts on and between the rays of
Gratteri crater (6.9 km, —17.7°N, —160.1°E). They
estimate that half of the secondaries of Gratteri
crater are located within rays and clusters that
occupy 2% of the area around Gratteri, and the
other half are scattered between obvious rays.
Corinto crater (13.8 km, 16.95°N, 141.72°E) is a
rayed crater in Elysium Planitia. Williams et al.
(2018) and Williams (2018) performed counts of
meter-to-decameter-sized craters in two regions
overlapped by Corinto rays at distances of 520
and 660 km. The crater SFDs deviate from the
Hartmann PF at small sizes in both locations,
with steep power law slopes varying from —3.6
to —8.2 over limited size ranges. Regions not
overlapped by obvious rays also show this in-
crease in slope, though the total spatial density
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of craters in inter-ray regions is lower than inside
rays. Williams (2018) estimates that Corinto cra-
ter may have produced over 10° meter-to-deca-
meter-sized secondary craters.

Zunil and Gratteri craters have few second-
aries within 10 crater radii with their largest
secondaries ~2% the size of the primaries. This
contrasts notably with the densely packed fields
of proportionately larger secondaries observed
around 100 km-scale primaries (Schultz and
Singer, 1980; Robbins and Hynek, 2011b). Pre-
blich et al. (2007) note that few large blocks are
found around Zunil and suggest that small frag-
ments, which landed within a few crater radii,
and consequently had lower velocities, may not
have been energetic enough to form noticeable
secondary craters. However, the reason for this
difference remains an open question.

Vickery (1986, 1987) studied the secondary
fields of several primaries on the Moon, Mer-
cury, and Mars and found that the maximum
secondary size decreases with distance from
the primary. This was used to characterize the
size-velocity relationship of ejecta fragments.
The ejection velocity for each secondary was de-
termined from their range to the primary. Cra-
ter scaling laws (Schmidt and Holsapple, 1982;
Schmidt and Housen, 1987) were used to infer
the size of the inciting ejecta fragment from the
secondary crater size. The upper envelope of
ejecta fragment size and ejection velocity was fit
using a power law: @, * v where the veloci-
ty exponent Btypically varied between ~1.5 and
2.5 (Vickery, 1987). Singer et al. (2020), in a study
of the secondary fields of several lunar craters,
show that variation in f likely depends on the
size of the primary crater. The maximum ejecta
fragment size falls off more rapidly with veloc-
ity for larger primary craters.

5.1 New measurements of secondaries
around large Martian primaries

Robbins and Hynek (2011b) noted that the
regions surrounding several large prima-
ries show an enhancement in the total spatial
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density of craters a few kilometers in diameter
and steep-sloped SFDs. This indicates that the
effect of secondaries is noticeable in these re-
gions even without classifying craters as pri-
mary or secondary. A less explored method for
estimating secondary production is to compare
the SFD of all craters between a region proxi-
mal to a large primary and a nearby reference
region of similar age and geology. Subtracting
the SFDs between these two regions results
in a distribution of “excess” craters which we
assume to be mostly secondaries. A major ad-
vantage of this approach is that it is agnostic
to classification criteria like morphology or
clustering. We use this approach and a cata-
log of Martian craters >1 km (Robbins and
Hynek, 2012) to investigate four large prima-
ry craters, three of which were also studied
in Robbins and Hynek (2011b). For each, we
consider a region extending to ~8 crater ra-
dii, beyond which the crater spatial density
is indistinguishable from the background
spatial density (Robbins and Hynek, 2011b).
Reference regions were selected which occur
on similar terrain and are likely to be of simi-
lar age. Lomonosov crater (120 km, 64.9°N,
—9.2°E) is located in the relatively sparsely cra-
tered Northern Plains, which causes the excess
crater spatial density in its vicinity to be eas-
ily noticeable (Fig. 6.3A). Lyot crater (220 km,
50.5°N, 29.3°E) is also located in the Northern
Plains; however, many of the secondaries
to the south overlap a more heavily cratered
landscape (Fig. 6.3B). To avoid this complica-
tion, we only consider the region north of Lyot
crater and assume that the same number of
secondaries was produced in the south. We
also investigate an unnamed 77.6 km crater
(—30.28°N, —160.18°E) and 50.8 km Kalpin
crater (8.93°N, 141.28°E).

One limitation of this approach is that it is
often difficult to identify large, uninterrupted
regions with similar age and geology on Mars.
As a result, many primary craters with promi-
nent secondary fields are poor candidates for
this method because their secondaries overlap
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FIGURE 6.3 Craters larger than 1 km in regions around (A) Lomonosov crater (120 km) and (B) Lyot crater (220 km)
from the Robbins and Hynek (2012) crater catalog. Data are overlaid on the Mars Orbiter Laser Altimeter (MOLA) shaded
relief map (Smith et al., 2001). The Mercator projection is used to preserve crater shape in the high latitudes. The count region
around each crater extends to 8 crater radii. For Lyot crater, we only consider the northern half of this 8 crater radii annulus
as a change in terrain type to the south causes an increase in crater spatial density not related to secondaries. Both primaries
show a noticeable excess of small craters (1-10 km) in this region. We compare the SFD in this region to a nearby reference
region that likely has experienced a similar number of primary impacts.

more than one terrain type or overlap the sec- sublimation, can be fairly localized. Crater era-
ondary fields of other nearby primaries. Addi- sure is further discussed in Rubanenko et al.
tionally, erosional processes that may erase cra- (2021) (Chapter 5: Challenges in Crater Chro-
ters, such as infill by regolith or ice deposition/ nology on Mars as Reflected in Jezero Crater).
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We minimize these effects by focusing on craters
found in expansive regions of similar terrain
and with relatively uniform background cra-
ter densities like the Northern Plains, as these
regions are likely to have experienced a similar
history of primary cratering and crater erasure.
However, it is important to note that local differ-
ence may still persist.
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Fig. 6.4 shows the differential crater SFD for
each candidate site. The spatial densities of the
secondary field regions generally agree with
the reference regions for large craters (>10 km),
which are expected to be mostly primaries. This
indicates that the two regions have similar ages
and experienced a comparable primary crater-
ing history. The secondary field regions show
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FIGURE 6.4 Differential SFDs of the regions around four Martian craters (A-D) with noticeable secondary fields com-
pared to the SFDs of nearby reference regions. The SFDs generally agree for large diameters (>10 km) but show an excess
of small craters (1-10 km) in the secondary field region. For Lyot crater, only the northern secondary field is considered
(Fig. 6.3B). We fit the distribution of excess craters to a power law with slope —p_and a coefficient that is scaled to the size
of the primary by f, the ratio of the expected diameter of the largest secondary to the primary diameter (Eq. 6.3). In all cases,
more secondary craters are required than would be predicted using values of f=5% and b, = 4. The dotted gray lines show
Ivanov PF isochrons for reference (Ivanov, 2001) and the solid black lines indicate saturation equilibrium (Hartmann, 1984).
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a noticeable excess of small craters (1-10 km)
relative to their reference regions. We assume
that this is primarily the result of abundant sec-
ondaries. Crater erasure in the reference region
may also play a role, though this is unlikely to
be the dominant difference due to the choice of
regions with similar geologic context. The distri-
bution of excess craters, obtained by subtracting
the SFDs between the two regions, is fit using a
power law:

N =C 'D*b,- _ (po'i)bs bes

s,i s,i

(6.3)

where b, is the power-law slope and C,; is the
coefficient. We express C,; in terms of the ex-
pected size of the largest secondary, which is
some fraction, f, the size of the primary, D, .
Note that we do not directly measure the larg-
est secondary. Rather, fD, . corresponds to what
the size of the largest secondary would be if the
power law that fits the SFD at smaller sizes con-
tinuesto N_, =1.

The slope of the SFDs range from —3.7 to
—4.3, consistent with previous studies (Shoe-
maker, 1965; Wilhelms et al., 1978; Robbins and
Hynek, 2011b). However, we require an f of
~7-12% to explain the number of excess craters.
This is greater than the 5% value that has been
used in studies estimating the global secondary
SFD (Soderblom et al., 1974; Werner et al., 2009).
While this difference may seem small, N, is a
strong function of f. Using f=5% and b, =4
underpredicts the number of inferred second-
aries by about an order of magnitude (Fig. 6.4).
This highlights that using the size of the larg-
est observed secondary to define the secondary
SFD at smaller sizes may result in significant
erTorS.

The distribution of inferred secondaries de-
viates from the power-law fit at small diame-
ters. While the distribution of secondaries is ex-
pected to transition to a shallower slope at some
diameter (McEwen et al., 2005; Melosh, 1989),
we suggest that the roll-off observed in this
case is likely due to the erasure of small craters

6. The role of secondary craters on Martian crater chronology

by erosional processes such as crater infill by
regolith or ice deposition/sublimation. This
is demonstrated by the crater SFDs of the ref-
erence regions, which deviate from the PF at
small sizes. It is likely that more craters, both
primaries and secondaries, were produced in
the 1 km size range than are currently repre-
sented. Secondaries may be especially suscep-
tible to erasure because they are shallower than
primaries of the same size. This roll-off may
also be partially due to incompleteness of the
Robbins and Hynek (2012) crater catalog in
these regions of Mars. The THEMIS daytime IR
mosaic (Christensen et al., 2004) that was used
to produce the crater catalog had a global cov-
erage of >99% at the time; however, there were
some small regions that lacked coverage, par-
ticularly in the northern high latitudes (Rob-
bins and Hynek, 2012).

Distant secondaries are also formed at greater
ranges than the ~8 crater radii that we consider
here. Despite many studies of secondary popu-
lations, the total number of distant secondaries
has proved difficult to characterize in large part
because their spatial density rapidly becomes
lower than the spatial density of background
primaries. The radial drop-off of inferred sec-
ondaries close to the crater, where an excess
crater spatial density can be measured, may
help to inform the number of distant secondar-
ies. We consider only craters larger than 2.5 km
because of the potential erasure of smaller cra-
ters. Fig. 6.5 shows the decrease in crater spa-
tial density radially away from Lomonosov and
Lyot craters. In both cases, almost no secondar-
ies are formed within 2 crater radii. The second-
ary spatial density peaks between 2 and 4 crater
radii and decreases rapidly beyond this. We
characterize this drop-off by fitting a power law
to the excess crater spatial density: 7 o~ For
Lomonosov crater, we find an « value of ~4.5
between 3 and 8 crater radii. The spatial density
at ~8 crater radii is very close to the spatial den-
sity of the reference region, indicating that there
are few >2.5 km secondaries at this distance.

II. Can impact craters be used to derive reliable surface ages on Mars?
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FIGURE 6.5 The decrease in the spatial density of >2.5 km craters radially away from (A) Lomonosov and (B) Lyot crater.
A power law is fit to the spatial density above background to characterize the drop-off of inferred secondaries. The back-
ground spatial density, indicated by the dotted line, is defined as the spatial density of >2.5 km craters in the reference region.

For Lyot crater, we find an o value of ~2.9,
a more gradual drop-off in inferred secondar-
ies than we observe for Lomonosov. There are
several possible explanations for this difference:
(1) Lyot crater impacted close to the heavily
cratered Martian highlands, which may result
in more primaries in the region around Lyot
than there are in the reference region. Even at
a distance of 8-10 crater radii, the crater spatial
density is slightly greater than that of the refer-
ence region. If the background spatial density in
Fig. 6.5B is adjusted to be the average value at
8-10 crater radii, the radial drop-off of inferred
secondaries has an o similar to that of Lomono-
sov. However, the reference and secondary re-
gions agree for large craters (Fig. 6.4B), indicat-
ing that both regions are likely sampling fairly
similar terrain. (2) Interestingly, the peak crater
spatial density around Lyot is slightly lower
than around Lomonosov, despite Lyot being
significantly larger and presumably capable of
producing many more secondaries of any given
size. Lyot also requires a lower value of f than
Lomonosov (Fig. 6.4B), indicating that Lyot’s
secondary field contains fewer secondaries than

Lomonosov relative to its size. One explanation
for this difference may be that many of Lyot’s
proximal secondaries have been degraded. In-
spection of Lyot’s nearby secondary field re-
veals many subdued, irregular depressions that
are not classified as craters in the Robbins and
Hynek (2012) catalog, but which may have been
distinct craters in the past. In comparison, the
secondaries around Lomonosov are more circu-
lar and have noticeably sharper rims. This could
also explain the relatively gradual drop-off of
secondaries away from Lyot; if the peak spatial
density was greater, this would result in a more
rapid drop-off with distance. (3) It is also pos-
sible that Lyot simply produced fewer secondar-
ies relative to its size than Lomonosov, and that
these secondaries were emplaced at relatively
greater distances.

If the drop-off behavior we observe for Lo-
monosov and Lyot continues beyond the region
we consider here, we infer that 70-95% of all
secondaries should be between 2.5 and 8 cra-
ter radii, and 5-30% may be formed at greater
ranges. This is roughly consistent with Rob-
bins and Hynek (2011a) who found about an
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order-of-magnitude fewer distant secondaries of
Lyot crater than nearby secondaries, though that
study did not account for distant secondaries
that were not obviously clustered and only clus-
ters with a majority of craters larger than ~1 km
were considered. We emphasize that additional
work characterizing the number and spatial dis-
tribution of distant secondaries is necessary.

6 Model of the global secondary SFD

Soderblom et al. (1974) provide a framework
for analytically modeling the global second-
ary SFD, which we present here with some
modifications: (1) we consider a more realis-
tic non-power law PF for primary craters and
(2) we consider that the number of secondaries
produced by each primary may be greater than
previously thought. The global secondary cra-
ter SFD is the sum of the secondaries produced
by each individual primary (Shoemaker, 1965;
Soderblom et al., 1974):

N,=YN, =¥/, (i) D"

where D (i) is the diameter of the ith largest pri-
mary crater formed on Mars after some time, b,
is the power-law slope of secondaries, and f is
the ratio between the size of the expected largest
secondary to the size of the primary. This is a
slight modification from Soderblom et al. (1974)
who integrated over all primaries instead of us-
ing a discrete sum. However, our approach is
more easily applied to arbitrary primary SFDs.
The size distribution of primary craters is de-
termined by a PF. The global secondary SFD
can be calculated for any primary PF by solv-
ing Eq. (6.4) numerically (our results shown in
Figs. 6.6 and 6.7 use the Ivanov PF). However,
we first consider the simple case where the
primary SFD follows a power-law distribu-
tion with a constant cratering rate as this has a
closed-form analytical solution. The cumulative

(6.4)
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FIGURE 6.6 The predicted global cumulative SFD of pri-
mary and secondary craters produced on Mars after 2 Ma
and 1 Ga using f=10% and b, = 4. The primary SFD is
determined by the Ivanov PE. The secondary SFD is deter-
mined by summing the SFD of secondaries produced by all
primaries (Eq. 6.4). Most km-scale craters are primary on Ma
timescales. However, after 1 Ga, secondaries dominate the
global SFD for craters smaller than a few kilometers. This
demonstrates that the global crossover diameter increases
with time. The black line indicates saturation equilibrium
(Hartmann, 1984).

number of primary craters on Mars after some
time assuming a power-law PF is as follows:

N, =CD ™" =(yAt)D™" (6.5)
where A is area (of Mars in this case), t is time,
and yis a constant cratering rate. The primary
slope, bp, has been shown to vary with size but
is ~2 on average for craters larger than 1 km. We
rearrange Eq. (6.5) to find the diameter of the ith

largest crater:
1/b,
) YAt
v,0-(1)

(6.6)
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Substituting Eq. (6.6) into Eq. (6.4), we obtain
the cumulative number of secondaries produced
by a power-law distribution of primaries:

zi—bs/h,,

i=1

N, = £ (yAt)"" (6.7)

The factor outside of the summation is the ex-
pression for the secondary SFD produced by the
single largest primary. The summation is a coef-
ficient that scales this to account for all primary
craters. For b, >b,, this converges to the Rie-
mann zeta function, § (b /b ). For reasonable
values of b and b, (~4 and ~2) { is ~1.64, so
the secondaries produced by the single largest
primary account for a large percentage of the to-
tal number of secondaries: 1/{ = 60%.

b
N, = f" (yAt) ¢(b,/b,) D" (68)

Eq. (6.8) reveals several interesting behaviors
of secondary accumulation not exhibited by pri-
maries. Most notably, secondaries accumulate
non-linearly with time, even for a constant pri-
mary cratering rate: N_ o< £/ This is because
nearly all of the secondaries are produced by
the largest several primaries, and the size of the
largest primary increases with time (Eq. 6.6). A
consequence of this is that the secondary SFD
“moves” relative to the primary SFD, causing
the crossover diameter to progress to larger sizes
for greater ages (Fig. 6.6). This has been noted
by several authors (Neukum, 1983; Neukum
and Ivanov, 1994; McEwen et al., 2005; Werner
et al., 2009; Robbins and Hynek, 2014); how-
ever, the expression presented here illustrates
why this must be the case. This also shows that
background secondaries should not accumulate
steadily with time.

The secondary SFD also depends non-lmearly
on the surface area of the planet as A”'"; a larg-
er “accumulation surface” will collect larger
craters than a smaller one during the same in-
terval. For example, the surface area of Mars is
3.8 times the surface area of the Moon. Ignoring
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differences in the primary production or sec-
ondary formation between these two bodies
[though effects like gravity, target properties,
and typical impact velocity certainly play a role
(Bierhaus et al., 2018)], we might expect a factor
of ~14 more secondaries form on Mars than the
Moon during the same time interval simply as
a consequence of a larger surface area, though
preservation differences will significantly influ-
ence what is visible today.

The scale factor f” indicates that the second-
ary SFD is extremely sensitive to the distribu-
tion of secondaries produced by each primary.
Previous studies of global secondary accumula-
tion have used f =5 % (Soderblom et al., 1974;
Werner et al., 2009). In Section 5.1, we suggest
that the population of km-scale secondaries
around several large primary craters requires
an f that may be as high as 10%. This doubling
of f corresponds to an increase in the global sec-
ondary SFD by a factor of 16 for b, = 4. Fig. 6.7
shows the evolution of the global mean cross-
over diameter with time calculated for two PFs:
(1) a simple two-branch power-law model with
an increase in slope below ~1 km and (2) the
Ivanov PF that was calculated numerically from
Eq. (6.4). These models agree fairly well when
considering ~km-sized craters on Ga times-
cales, though variations in the Ivanov PF above
1 km result in factor of 2-3 offsets between the
two models. Using values of f =5% and b, =4,
the global crossover diameter exceeds 1 km
after ~1.5-2 Ga, consistent with the findings
of Werner et al. (2009). However, for f =10%,
the global crossover diameter exceeds 1 km for
surfaces as young as ~20 Ma. This sensitivity
highlights the necessity for improved models
and measurements of the production of second-
ary craters.

This model implicitly assumes that the sec-
ondary SFD maintains a steep slope for all
diameters. However, for a steep power-law dis-
tribution, the total volume of ejected fragments
necessary to produce progressively smaller
secondaries eventually exceeds the total mass
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FIGURE 6.7 The global crossover diameter between primary and secondary craters for various values of fand b_. For (A),
time is in log-scale and shows the period from 1 Ma to 4 Ga; For (B), time is linear and focuses on Ga timescales. The primary
SFD is determined by the Ivanov PF and the secondary SFD is calculated using Eq. (6.4). The dotted lines show the crossover
diameter predicted for a hypothetical two-branch primary production: b =2 for craters >1 km and b =3.7 for craters
<1 km. The global crossover diameter is very sensitive to fand b,, which determine the number of secondaries produced by

each primary.

excavated by the primary (Melosh, 1989; McE-
wen et al., 2005). Therefore steep SFDs cannot
continue to arbitrarily small sizes and must
level off after some number of secondaries
are produced. The number of secondaries that
a primary is able to produce is difficult to ob-
serve, but perhaps the best estimate comes from
young craters with well-preserved secondary
fields. Zunil (10.1 km) is estimated to have pro-
duced ~10% decameter-sized craters (McEwen
et al., 2005; Preblich et al., 2007). Williams (2018)
estimate that Corinto crater (13.8 km) produced
over 10° meter-to-decameter sized secondary
craters with fairly steep-sloped SFDs at these
sizes. This may continue to smaller sizes, though
resolution limitations prevent the observation of
this. Additionally, modeling work by McEwen
et al. (2005) suggests that the production of this
many secondaries does not violate reasonable
physical constraints. For surfaces older than a
few Ma, global crossover occurs before 10° cra-
ters are produced (Fig. 6.6). Therefore the results

presented in Fig. 6.7 would not be significantly
affected for surfaces older than this if 10° craters
is the appropriate constraint. As the crossover
diameter increases with time, the number of sec-
ondaries required to reach crossover decreases.
For example, the global crossover diameter af-
ter 1 Ga occurs at just a few thousand secondary
craters (Fig. 6.6).

It is important to note that Fig. 6.7 presents
the globally averaged crossover diameter. If
these secondaries were uniformly distributed
across the surface of Mars, this would imply
that 1 km craters could not be used reliably for
chronology on Ga old surfaces. However, most
secondaries are clustered within the regions
proximal to the largest few primaries. These
can be easily removed from counts or avoided.
The relative abundance of distant field second-
aries in regions that are not clearly influenced
by nearby large primaries is the more relevant
question for crater chronology, and the spatial
distribution of secondaries becomes important.
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7 Model of the spatial distribution
of secondaries

We develop a model which accounts for
the spatial distribution of secondary craters.
Primary craters are stochastically placed on a
Mars-sized surface and each primary produces
a distribution of secondaries determined by pa-
rameters f and b . However, instead of placing
secondaries uniformly on the surface, secondary
spatial density drops off radially from each pri-
mary as n e 1~ “ with the maximum spatial den-
sity at 2.5 crater radii. Based on our observations
of Lomonosov crater, we model secondary accu-
mulation using f =10%, b, =4, and o values of
4 and 5 (Fig. 6.5). We also include model results
based on Lyot crater (f =7%, b, =4, and a =3),
which has fewer secondaries than Lomono-
sov relative to its size but with a more gradual
drop-off with distance. However, we note that
the parameters determined for Lyot may be
influenced by the erasure of secondaries or by
regional variations in the background spatial
density of primaries (discussed in Section 5.1).
For a given simulation, we model the produc-
tion of all primary and secondary craters that
are larger than a specified minimum diameter,
which is selected such that ~107 craters are pro-
duced in total (e.g., this threshold is 500 m for a
1 Ga surface). The surface is then gridded and
the spatial density of primaries and secondaries
within each bin is calculated. The local crossover
diameter within each bin is determined by ex-
trapolating the SFD of primaries and secondar-
ies to smaller sizes and calculating the diameter
at which their differential SFDs intersect. While
we apply this model to Mars, it can be adapted
for any planetary body if the number and spatial
distribution of secondaries produced by prima-
ries is constrained (accounting for differences in
gravity, impact velocity, etc.).

Fig. 6.8 shows model results for a 1 Ga sur-
face using parameters: b, =4, f =0.1,and o =5.
Globally, there is an order of magnitude more
km-scale secondaries than primaries. Primary
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craters >1 km are uniformly distributed across
the surface with a mean spatial density of
~3x10" km™* The secondary spatial density
can exceed this by several orders of magnitude
in regions close to large primaries but is much
lower elsewhere. Fig. 6.9A and B show cumu-
lative histograms for primary and secondary
crater spatial density compared to the global
average. As expected, primary spatial density
is normally distributed around the global mean.
However, the global mean secondary spatial
density is not a good predictor for a typical re-
gion on the surface of Mars. For a model run us-
ing Lomonosov-like parameters and ¢ =5, the
fraction of secondaries larger than 1 km on a me-
dian surface (corresponding to a CDF value of
0.5) is ~19%, significantly lower than the global
average of ~90%. For a model run using o =4,
secondaries are distributed at greater range and
~38% of craters >1 km on a median surface are
secondaries. When using Lyot-like parameters,
secondaries are even more spatially uniform,
but the global mean fraction of secondaries is
lower due to fewer secondaries overall. These
results agree qualitatively with the modeling re-
sults of Bierhaus et al. (2018) for the Moon, who
showed that the maximum and minimum spa-
tial densities of secondaries vary quite signifi-
cantly across the surface compared to the more
homogeneous primary population.

Fig. 6.9C presents cumulative histograms
showing the spatial variation in crossover diam-
eter for modeled surfaces of various ages. The
crossover diameter for a median surface after
1 Ga is between 70 and 300 m depending on the
model parameters considered. Fig. 6.10 shows
the evolution of the median crossover diam-
eter with time. The median crossover diameter
exceeds 1 km on surfaces older than ~1-2 Ga.
This suggests that secondaries may contaminate
counts for craters of this size on Ga old terrains,
even in regions that are not obviously affected
by large primaries. However, at 100 Ma the me-
dian crossover diameter is less than 10 m, which
is about the limit of what can be easily counted
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FIGURE 6.8 Example of a simulated (A) size-frequency distribution and (B) map of primary and secondary craters for
a Mars-sized surface after 1 Ga. Each primary crater produces secondaries determined by f=10%, b,=4, and ¢ =5. For
clarity, only craters larger than 1 km are shown. The total number of km-scale secondaries globally is about an order-of-
magnitude greater than the number of primaries. However, secondaries are clustered around large primary craters, resulting
in some regions with many secondary craters and others with relatively few.

using current orbital imagery. This suggest that
distant secondaries should not influence counts
on young (<100 Ma) surfaces known to be far
from obvious sources of secondary craters. We
note that the radial drop-off in secondaries, o,
is not well constrained, and further study of the
distribution of distant secondaries would help
to inform this model. However, any radial drop-
off will result in spatial clustering and cause the
behavior shown in Figs. 6.8-6.10.

Our model likely overestimates the effect of
secondaries in several ways. We do not account
for possible focusing of secondaries along rays.
Clustering of secondary craters azimuthally
would further exaggerate the differences in lo-
cal secondary spatial density. Additionally, like

the analytical model presented in Section 6, the
determination of crossover diameter assumes
that the secondary SFD maintains a steep slope
at all diameters. Steep secondary SFDs cannot
extend to arbitrarily small sizes. For reference,
the dashed-line segments of Figs. 6.9C and 6.10
show when the calculated crossover diameter re-
quires the largest primary to produce more than
10° secondaries. If this is the appropriate thresh-
old for the number of secondaries produced per
primary, then our model overestimates local
crossover diameters smaller than a few 100 m
for Ga surfaces. The solid-line segments would
be unaffected by a constraint of 10° craters. This
model can be improved if the ray structure and
number of secondaries per primary are better

II. Can impact craters be used to derive reliable surface ages on Mars?
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FIGURE 6.9 Primary and secondary accumulation modeled using parameters informed by Lomonosov crater ( f =10%,
b, =4, and o values of 4 and 5) and Lyot crater (f =7%, b, =4, and o= 3). (A) Cumulative histograms of the spatial density
of primary and secondary craters >1 km after 1 Ga. The spatial density of primary craters is normally distributed around
the global mean. However, most secondaries are clustered around large primaries and the median secondary spatial density
(indicated by a CDF value of 0.5) is significantly lower than the global mean. (B) Cumulative histogram of the local fraction
of secondaries >1 km after 1 Ga. (C) Cumulative histograms of the local crossover diameter modeled for 100 Ma, 1 Ga, and
3 Ga. The histograms transition to dashed lines when the calculated crossover diameter requires the largest primary to produce
more than 10° secondaries.
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FIGURE 6.10 The global mean and median crossover
diameter calculated for Mars using parameters informed by
Lomonosov crater (f =10%, b, =4 and « values of 4 and
5) and Lyot crater (f=7%, b,=4 and o = 3). The global
mean crossover diameter is calculated using the approach
described in Section 6. The median crossover diameter,
which accounts for the spatial distribution of secondaries, is
significantly less than the global mean and is sensitive to ¢,
which controls the spatial clustering of secondaries around
primaries. The dashed lines show when the calculated cross-
over diameter requires the largest primary to produce more
than 10° secondaries.

understood; however, we prefer to overesti-
mate the contribution of secondaries from these
effects in the absence of well-established con-
straints. This likely overestimate is valuable as
it provides crater counters with an upper limit
on the largest sizes that may be significantly af-
fected by secondaries.

This model represents a production popula-
tion and does not account for crater erasure by
other craters [i.e., saturation equilibrium (Hart-
mann, 1984)] or erosion from process like infill
[these processes are discussed in Rubanenko
et al. (2021) (Chapter 5: Challenges in Crater
Chronology on Mars as Reflected in Jezero Cra-
ter). In reality, several processes preferentially
erase small craters and many of the secondaries
produced throughout Mars’ past may no longer

6. The role of secondary craters on Martian crater chronology

be observable today. This is apparent in Fig. 6.4,
where km-scale craters, both primary and sec-
ondary, consistently deviate from the expected
PE. Additionally, Lyot crater has the most ob-
vious secondary field for a >200 km crater on
Mars (Robbins and Hynek, 2011b), despite there
being ~50 craters of similar size or larger on the
Martian surface. This indicates that the second-
aries of many large primaries have been erased.

8 Conclusions

The observation of impact craters is the princi-
pal method for determining surface age through-
out the solar system. Large primary craters can
generate numerous smaller secondary craters
nearly instantaneously. Many of these are distrib-
uted close to their primary or within obvious rays
and can be excluded from crater counts. Howev-
er, some distant field secondaries are difficult to
differentiate from primaries of the same size. Sev-
eral young craters on Mars with well-preserved
ray systems show that secondaries of a single pri-
mary can influence crater counts to distances of
~100 crater radii (McEwen et al., 2005; Quantin
et al., 2016; Williams, 2018; Williams et al., 2018).
The effect that secondaries have on the validity of
crater chronology has been heavily debated and
still remains a topic of significant discussion.

We present model results for the global accu-
mulation of secondary craters on Mars, account-
ing for spatial clustering around large primaries.
On Ga timescales the global number of >1 km
secondary craters produced may exceed the
number of primaries by an order of magnitude.
However, most secondaries are contained within
a few crater radii of the largest few primary cra-
ters. The contribution of distant field secondaries
to regions that are far from obvious large prima-
ries is lower. We predict the crossover diameter
on a median surface after 1 Ga may be as large as
300 m, significantly lower than the global mean
of ~6 km but within the range of crater diameters
which may be reasonably used for chronology.

II. Can impact craters be used to derive reliable surface ages on Mars?
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For surfaces younger than ~100 Ma, we predict
a median crossover diameter of <10 m, about the
limit of what can be easily counted using exist-
ing orbital imagery. The median crossover diam-
eter is expected to exceed 1 km on surfaces older
than ~1-2 Ga. These results likely overestimate
the number of secondaries still visible today,
as the secondaries of many old primaries have
since been erased. The high spatial variability of
secondaries suggests that care should be taken
when counting craters on the scale of or smaller
than the expected crossover diameter. Because
the SFD of secondaries tends to have a steeper
slope than that of primaries, an unexpected in-
crease in slope at smaller sizes may indicate the
presence of secondary craters.

The global accumulation of secondary craters
is sensitive to the number and spatial distribu-
tion of secondaries produced by individual pri-
mary craters. Several large (~20-220 km) cra-
ters on Mars show noticeable enhancements in
the number of 1-10 km craters in their nearby
regions (Robbins and Hynek, 2011b), likely the
result of secondaries. We investigate four of
these Martian craters and show that the number
of secondaries required to explain the observed
excess in km-scale craters is greater than previ-
ously thought, assuming no or equal erasure of
primaries and secondaries. The spatial density
of secondary craters drops off rapidly radially
away from these craters, making characteriza-
tion of secondaries beyond ~8 crater radii dif-
ficult. The number and spatial distribution of
distant secondaries produced by primaries of
various sizes remains poorly constrained. We
recommend further study of distant secondary
populations to better quantify their SFD, radial
distribution, and degree of clustering along rays.
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