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Impact craters (“craters”) are ubiquitous across most solid surfaces in the Solar System. The most
common use of crater populations (populations as defined by diameter- or “size-” frequency) is to
estimate relative and absolute model surface ages based on two assumptions: Craters will form spatially
randomly across the planetary body, and craters will form following a random distribution around a
known or assumed temporal flux. Secondary craters - craters that form from the ejecta of a crater formed
by an extraplanetary-sourced impactor - belie both of these assumptions and so will affect crater-based
Keywords: ages if not removed from crater counts. A question unanswered with observational data to this point has
Mars been, what is the population of primary versus secondary craters on a given planet? We have answered
craters this question for Mars for craters larger than 1 km in diameter by using a recently published global crater
surface ages database, classifying craters as primary or secondary, and creating maps of the population statistics. Our
approach was to err on the side of a crater being primary by default and hence our work is a conservative
measurement. We show that, globally, secondary craters are at least 24% as numerous as primary craters
(comprising 19% of the total population) for diameters D > 1 km. However, there are many “hot spots”
across the globe where secondary craters are more numerous than primary craters for diameters as large
as 9 km. This is the first time such a study has been conducted globally for any body and it shows
that, not only are secondary craters numerous, but they can significantly affect crater populations in a
non-uniform way across a planetary surface.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Identification and measurement of craters on solid surfaces is
the only way to estimate absolute ages on objects without re-
turned samples, akin to the Apollo and Luna missions. This com-
mon practice has been refined and utilized for decades (e.g.,
Shoemaker et al., 1970; Crater Analysis Techniques Working Group,
1979; Neukum, 1983; Neukum et al., 2001; Hartmann, 2005), but
the basic idea remains the same: A surface is older than another
if it has a greater crater density because it must have been ac-
cumulating craters for a longer period of time. Two fundamental
assumptions of crater age-modeling is that crater formation is ran-
dom across the planetary body and follows a known (or assumed)
flux through time.

Over half a century ago, Shoemaker (1962) identified the issue
of secondary craters on planets (craters that form from the ejecta
of a larger primary impact event and are necessarily smaller). The
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subject of secondary craters was controversial for the next sev-
eral decades (e.g., Neukum and Ivanov, 1994), though observational
studies were relatively few (e.g., Guinness and Arvidson, 1977;
Tanaka, 1986; Strom et al., 1992; Neukum and Ivanov, 1994), un-
til the mid-2000s when Bierhaus et al. (2005) identified >10%
secondary craters that contaminate crater statistics on Jupiter’s
moon Europa, and McEwen et al. (2005) identified >108 secondary
craters around the pistine crater Zunil on Mars. Both of these stud-
ies focused on relatively small surface areas indicating large - if
localized - secondary crater contribution to crater statistics. Now
that there is general consensus that they exist and contaminate
populations, it must also be recognized that the two assumptions
of crater-based ages are false when secondary craters are con-
cerned: They form in large numbers in a geologic instant and their
locations are correlated with and centered upon the primary crater
that sourced them.

Understanding the role secondary craters have on local and
global crater statistics is important, if only to verify the null hy-
pothesis that they do not significantly contaminate the popula-
tion of craters larger than a given diameter, one that has had
observational (e.g., Neukum et al., 1975) and recent theoretical
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support (e.g., Werner et al, 2009). Secondary fields are typi-
cally manifest as a visible and tight annulus around the primary,
though recent work has shown that secondary fields can be several
thousand kilometers from the primary (Shoemaker et al., 1994;
Preblich et al., 2007; Robbins and Hynek, 2011a). With current and
forthcoming high-resolution imagery of Mars, the Moon, Mercury,
Vesta, Ceres, Pluto and Charon, and numerous Saturnian satellites,
and impact crater studies focusing on ever smaller craters, a bet-
ter understanding of secondary crater (“secondaries”) populations
and their contamination of primary crater (“primaries”) statistics is
more important than ever.

Traditionally, secondaries are divided into two categories. The
first are adjacent secondaries that typically form a distinct high-
spatial density annulus of small craters around the primary, and
the second are distant secondaries that are often found in clusters
within rays but which also contribute to the apparently random
spatial distribution of small craters (so-called “background secon-
daries” that are still the most controversial in the literature). Work
has been done towards better understanding these populations by
other authors (e.g., Bierhaus et al., 2005; McEwen et al., 2005;
Preblich et al., 2007), and we have also investigated both “near-
field” (Robbins and Hynek, 2011b) and “far-field” (Robbins and
Hynek, 2011a) secondary craters. The work we present herein,
however, ignores that classification and was, instead, a search to
identify all secondaries on Mars that are present within a global
Mars crater database that contains a statistically complete sam-
ple of all craters D > 1 km; we explain our technique for doing
this identification in Section 2. In so doing, we have been able to
put the first observational constraints on the global population of
secondary craters on Mars and create local and regional maps of
the contamination level and contamination diameter of the over-
all crater population by secondary craters (Section 3). We discuss
implications for this not only to studies on Mars but also to other
solar system objects in Section 4.

2. Methods

The Robbins and Hynek (2012) crater database contains approx-
imately 640,000 Martian craters, approximately 385,000 of which
form a generally complete census of all craters D > 1 km. Craters
were visually identified in GIS software using 100 m/pix global
THEMIS (THermal EMission Imaging System) Daytime IR mosaics
(Edwards et al., 2011), and rims were mapped using ArcMap’s edit
tools. Additional searches for craters were made using MOLA grid-
ded data at 1/128° scale (Smith et al., 2001). Polygons representing
crater rims were fit with a non-linear least-squares (NLLS) circle-
fit algorithm to calculate each crater’s diameter and center latitude
and longitude after correcting for map projections. It is important
to note that craters were identified regardless of morphology for
this database, hence it is representative of all craters D > 1 km,
both primary and secondary, on Mars. Due to the data source, this
analysis is therefore limited to craters D > 1 km. The remainder
of this section describes only how the database was analyzed and
results displayed (Figs. 2-5), leaving interpretation in Section 3.

2.1. Secondary crater identification technique

For this work, the global THEMIS mosaic of Mars was searched
twice for secondary craters - first to identify them, second to
search for missed secondaries and accidentally included primaries.
Once completed, all craters identified as secondaries were mapped
on the same global mosaic and examined individually for false pos-
itives (primary craters identified as secondaries).

The distinction between primary and secondary craters them-
selves is, unfortunately, not as objective as one may hope. The
distinction was made based on crater morphology and classic

morphologic characteristics of secondary craters (Shoemaker 1962,
1965; Oberbeck and Morrison, 1974; McEwen and Bierhaus, 2006;
Robbins and Hynek 2011a, 2011b): (1) Is the crater entrained
within a chain, elongate crater group, and/or has a “herringbone”
ejecta pattern? (2) Is the crater highly elliptical with the long
axis radial to a much larger crater? (3) Does the crater appear
to have been “scooped” out at an angle with the shallower part
radially away from a larger crater? If a crater fit some of these,
it was marked as a probable secondary crater; numerous exam-
ples of these are found in Fig. 1 along with primaries to show the
differences. If the crater did not fit any of these criteria, it was
assumed to be a primary crater. In making this distinction, the
bias was to err on the conservative side, only identifying the fea-
ture as a secondary crater if it was more likely than not, based on
those criteria, to be a secondary crater. This method has the side-
effect of including likely airburst features where a single impactor
will breakup in the atmosphere and produce numerous, tightly
clustered craters (Popova et al., 2007). However, while this is a
contaminant, these kinds of crater clusters are themselves an addi-
tional contaminator of the primary crater population because, like
secondaries, they form in a geologic instant and are tightly clus-
tered spatially. Ergo, their removal - or an estimate of what crater
would have formed from an intact impactor — would also be neces-
sary for applications of primary craters such as age-modeling. Due
to the method, this work will not identify the lone background sec-
ondaries that are indistinguishable from primaries, though we can
still learn significantly from what is identifiable.

Once this process was complete, the secondary and primary
crater populations could be analyzed and displayed. A scatterplot
showing their global distribution is Fig. 2.

2.2. Determining the transition diameter globally and locally

The simplest way to estimate contamination by secondary
craters is to determine at what diameter and location, if any, sec-
ondary craters dominate over the population of primary craters.
To do this, one can create a standard size-frequency distribution
(SFD) of each population (Fig. 3) (Crater Analysis Techniques Work-
ing Group, 1979). This can be done as a normal histogram to create
an incremental SFD (ISFD) or as a cumulative version (CSFD) that
is summed from large to small crater diameters. Both are shown
in Fig. 3 and interpreted in Section 3 along with an R-plot version.
This can be done globally, and it can be done for a given lati-
tude/longitude range. The latter was constructed for Figs. 4 and 5.

The key idea behind a “transition diameter”, D¢, is that on a
SFD, primary craters have a shallower slope relative to secondary
craters. Primaries typically have a slope of —3 on an ISFD and —2
on a CSFD (Neukum et al., 2001), while secondaries are steeper
(McEwen and Bierhaus, 2006), ranging from about —3 to —8 on
a CSFD and averaging approximately —5 (Robbins and Hynek,
2011a). Ergo, as secondary craters are produced, they will at some
diameter become more numerous than primaries and the diame-
ter at which they do is the transition diameter. The interpretation
of D; on an ISFD is where the production of secondaries and pri-
maries are equal, for D < D; secondaries are produced more at a
given diameter, and for D > D, primaries are produced more. The
interpretation of D; on a CSFD is where the population of craters
>D; is comprised of primaries and <D; is comprised of secon-
daries.

To examine D; across Mars, we used a moving average that
could be created for a latitude/longitude grid of arbitrary reso-
lution. This was done for 1° x 1° binning in Figs. 4-5 for radii
R around each bin center of 500 km, 1000 km, and 1500 km.
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Fig. 1. Numerous examples of secondary craters, each panel highlighting different morphologies: (a) shows a cluster of secondary craters likely ejected from a crater ~2000 km
distant (Robbins and Hynek, 2011a), (b) “background” secondary craters that are not necessarily in clusters but show other characteristics typical of secondary craters,
(c) highly elongated craters with overlapping cavities and ejecta, (d) an extreme case of secondary craters in trough-like formation from a large primary, and (e) other
trough-like entrainment. In (c) and (d), example primary craters have also been indicated.
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Fig. 2. Global population of D > 1 km craters, coded for primary and secondary craters by color (electronic) or shade (print). Data are overlaid on MOLA shaded relief (Smith

et al., 2001).
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Fig. 3. Size-frequency diagrams (SFDs) for the global Mars results; legend is the same for both panels. Panel (a) shows incremental SFDs (ISFDs) while panel (b) shows
cumulative results (CSFDs), and panel (c) shows an R-plot (Crater Analysis Techniques Working Group, 1979). The slight shallowing in the secondary crater SFDs for D <2 km

is likely due to under-identifying the secondary crater population at these diameters.



70 S.J. Robbins, B.M. Hynek / Earth and Planetary Science Letters 400 (2014) 66-76

Within each area surrounding the center of each bin, CSFDs
(Fig. 4) and ISFDs (Fig. 5) were constructed and if the sec-
ondary crater population reached a set fraction of the primary
crater population, that diameter was saved as the bin value. In
this manner, we created both local (R = 500 km) and regional
(R = 1500 km) maps with high resolution (1° x 1°) that show
where secondary craters may comprise 50% the total population
of craters (top row), 33% (middle row), and 25% (bottom row).
Smaller radii could not be used due to the decreasing number of
craters.

3. Global and local secondary crater populations and transition
diameters

3.1. Global analysis

Historically, several researchers have avoided using D < 5 km
Martian impact craters in part to avoid secondary crater contami-
nation (e.g., Tanaka, 1986; Barlow, 1988). Various observations and
models have estimated at what diameter secondary craters may
equal the primary crater population of Mars, as a global average
(e.g., Tanaka, 1986; Strom et al., 1992; Bottke et al., 2005; summa-
rized in McEwen and Bierhaus, 2006). They estimate a transition
diameter D; ~ 1 km, where smaller diameter crater populations
would be dominated by secondaries and larger craters by pri-
maries. Using Fig. 3, the estimate based on SFDs can be tested.

For this analysis, it is more appropriate to use the CSFD ver-
sion (Fig. 3b) because most researchers use all craters larger
than a given diameter for crater population studies. From the
database and Fig. 3b, there were 700 craters identified as secon-
daries D > 5 km, and there were 46,791D > 5 km that remained
primaries. This means secondaries are 1.50% as numerous as pri-
maries for D > 5 km globally, or, they comprise 1.47% the total
population of D > 5 km craters on Mars. This would suggest that
one has a 1 in ~70 chance of a given crater D > 5 km being a sec-
ondary at any random location on the planet. This is typically well
within the inherent factor of 2x uncertainty in crater chronology
functions (Neukum et al., 2001) and factor of 15-45% uncertainty
in whether features are even craters (Robbins et al.,, 2014).

One can then examine the estimate that D; ~1 km on Mars. In
this work, 72,208 craters D > 1 km were identified as secondary
craters, while 308,998 remained primaries, meaning the total pop-
ulation of identifiable secondaries is 23% that of primaries, or, al-
ternatively, they comprise 19% of the global population of craters
D > 1 km. The ISFD (Fig. 3a) shows secondaries are produced at
~20 =4 3% the frequency of primaries for the diameters near 1 km,
or that they comprise ~16+ 2% of the total number of craters pro-
duced at that diameter.

As discussed in Section 2.1, it is likely that secondary craters
were missed in this work, meaning their population was under-
estimated. At large, ~10-20 km diameters, one might expect to
observe in Fig. 2 that large numbers of secondary craters would
be seen surrounding very large >1000 km craters such as Hellas
and Argyre, as one sees around Orientale on the moon. How-
ever, this is not observed, nor is an over-density of these sizes
of primary craters around these “basins”, and there is no appar-
ent uptick in the number of secondaries or primaries of these
diameters in Fig. 3. Two possible post hoc reasons for this ab-
sence are: (1) Secondaries at these diameters have been removed
by the large amounts of resurfacing between the Noachian and
Hesperian (e.g., Chapman and Jones, 1977; Tanaka et al., 1988;
Craddock and Maxwell, 1993; Boyce and Garbeil, 2007), after
these basins formed (e.g., Werner, 2008; Fassett and Head, 2011;
Robbins et al., 2013); (2) secondaries at these diameters have been
so degraded by subsequent processes that they are indistinguish-
able, based on our methods, from large primaries. Unfortunately,

both of these scenarios would seem to be untestable at this time,
and it is likely that both have affected the secondary crater popu-
lations.

A failure to detect secondaries at small diameters is supported
by examining the slope of the CSFD (and ISFD) in Fig. 3: The slope
of secondary craters is roughly constant (—3.2) for 2.5 <D <25 km
craters (except for a minor deficit near D ~ 5 km), but it is sig-
nificantly shallower (—2.3) for D <2 km (these were measured
on the log (ISFD) per Chapman and Haefner, 1967). There is no
theoretical reason why the slope of secondary craters should de-
crease at this large of a diameter, and many researchers includ-
ing Robbins and Hynek (2011a, 2011b) have found it constant
through D =1 km over a large diameter range. Therefore, this is
more likely an indication of failure to recognize secondary crater
morphology for D <2 km. If the —3.2 slope is extrapolated from
D = 2.5 km through D =1 km, the number of secondary craters
would be =~ 129,000, meaning primary craters would number
A2 259,000. Then, secondary craters would be 50% as numerous
as primaries and represent 33% of the total population of craters
D > 1 km. This still indicates that D; # 1 km unless this work
under-estimated secondary craters by another factor of ~2x on
top of the extrapolation of missed craters D <2 km. Based on the
extrapolation from D >2 km primary and secondary craters, it is
estimated that D; ~ 0.78 km (while this value is to two signifi-
cant figures, it should be thought of as ~ 3/4 km rather than a
two-significant-figure value). This result is close to D; ~ 0.6 km,
estimated by McEwen et al. (2005) for Hesperian-aged terrain
which comprise much of the terrain where we classified secondary
craters (see Section 3.3). Despite these findings, the fact that sec-
ondaries were measured to comprise ~20% the overall population
of craters D > 1 km is not insignificant and, if one were in a lin-
ear region of the crater chronology curve (<3.5 Ga; Ivanov, 2001;
Robbins, 2013, submitted for publication), then any ages using
D > 1 km craters would be over-estimated by at least ~20% if sec-
ondary craters were not removed.

3.2. Local and regional analysis

While the global result gives an overview for the planet, more
useful information can be gained by performing the same kind of
analysis (“is there a diameter at which secondary craters dominate
over primary?”) for individual locations on the planet. After all,
Fig. 2 clearly shows that the distribution of secondary craters is
not uniform. Figs. 4-5 show this regional analysis: At what diam-
eters secondary craters dominate over primary craters, for a given
threshold (row), over a given area (column). CSFDs were used for
Fig. 4 because they answer the question, “how small a crater diam-
eter can be used before the number of secondary craters surpasses
the number of primary craters?” ISFDs were used for Fig. 5 to an-
swer the question, “at what crater diameter is the production and
preservation of secondary craters equal to or greater than that of
primary craters?”

At a broad, regional level (right column, Figs. 4-5), there is
no area of the planet where secondaries are as numerous as pri-
maries for D > 1 km; however, the area around Lyot crater (50°N,
30°E, D ~ 220 km; also shown as Fig. 1d) and eastward towards
Lomonosov crater (65°N, —10°E, D ~ 130 km), is an area where
there are as many secondaries as primaries for D <3.4 km (Fig. 5,
upper-left). This is expected because both Lyot and Lomonosov
craters are relatively young features (Werner, 2008; Robbins et al.,
2013), they are on relatively young and uncratered terrain, and,
as large craters, they would be expected to form many secondary
craters.

At a more local level, when the radius of interest is 500 km (left
column, Figs. 4-5), the population of secondary craters produced
(Fig. 5) equals that of primary craters D > 1 km in numerous lo-
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cations: Up to D ~ 6 km centered on Lyot and D ~ 4 km centered
on Lomonosov; up to D ~ 4 km in the broad area between Holden
crater and Ladon basin; up to D =~ 2 km in the area between Thar-
sis, the outflow of Valles Marineris, Cryse, near the south pole,
southwest of Syrtis Major, the middle of Arabia Terra, near Oude-
mans crater, and north of Galle crater; and up to D ~ 1-1.5 km
over a broad region of Isidis and south of Isidis basin, Elysium
basin, and a broad region just west of Terra Meridiani. These trends
are reproduced in Fig. 4 except at smaller diameters, indicating
that, when combined with the population of larger craters, secon-
daries are less of a practical issue (this is due to the SFD slope
being steeper for secondaries, so they are a smaller fraction of
the population at large diameters that is averaged into the CSFDs
but not ISFDs). All of these regions are clearly visible in Fig. 2 as
hot spots, as well, and many of them were studied individually
in Robbins and Hynek (2011b) where the authors mapped these
secondary crater fields surrounding individual primary craters to
determine both the SFD slopes of the secondaries and their spatial
distribution.

The discussion thus-far has focused on what D; is for secondary
craters being equal to or greater than the population of primary
craters. Maps were also produced (Figs. 4-5, center and bottom
rows) for if one lowers the threshold and instead were to ask, at
what diameter do secondary craters equal half the population of
primary craters (so are 33% the total population), or at what di-
ameter secondary craters equal one-third the number of primary
craters (so are 25% the total population). These can be used in
two ways: If one thinks that this study underestimated the num-
ber of secondary craters, then lowering the threshold will account
for this (provided they were underestimated uniformly across the
globe); or, if one has a lower tolerance for secondary craters in
their study, then a lower threshold map better describes at what
diameter a researcher must remain above before worrying about
secondary crater contamination.

When averaged over large, regional scales (R = 1500 km), one
can see that secondary craters account for 25% of the total crater
population for a maximum of D>2.2 km, and this is again cen-
tered north of Lyot crater; in this broad region, 25% of craters
D ~ 4.6 km that are produced are secondaries. The other broad,
regional area where secondaries dominate at diameters D>1.4 km
(or, for D ~ 3 km) is centered along the large outflow channels
of Valles Marineris and Ladon basin. Globally, when wanting to
analyze craters D > 1 km over a large area, these data (Fig. 4,
bottom-right) show that one is generally safe over the majority
of the planet from secondary crater contamination at the >25%
level. However, if one is analyzing small craters only, then the
data show (Fig. 5, bottom-right) they would need to be cautious
of secondary crater contamination at the >25% level for craters
D <3 km over much of the planet. When shrinking the area to av-
erage over R =500 km, and again keeping the threshold at 25% of
the total population, numerous hotspots are visible. The additional
hotspots at this lower threshold are mainly around Mie crater
(50°N, 150°E, D ~ 100 km) and surrounding Lowell crater (—50°N,
—80°E, D =~ 200 km) (these are most apparent in Fig. 5, and the
Lowell hot spot is not in Fig. 4). The dominance level reaches
diameters as large as D ~ 7 km, meaning that in a very few loca-
tions, when averaged over a ~ 800,000 km? area (0.5% the surface
area of Mars), secondary craters are >25% the population of all
craters if using craters D <7 km. These indicate that when study-
ing many places on the planet, researchers who cannot have more
than one-quarter of their crater population be secondary craters
must pay careful attention and avoid them even when studying
craters at the ~few-km scale, and especially at smaller diame-
ters.

3.3. Correlation with surface chronostratigraphic epoch

While regional effects can drive different onsets of secondary
crater contamination, there is good reason to expect that the on-
set diameter will be dependent on terrain age: While older ter-
rain has many large craters that can produce ~km-scale secon-
daries, younger terrain simply has not had time to accumulate
enough large craters to make these D ~ km secondary craters (see
Neukum and Ivanov, 1994; McEwen et al., 2005). This is tested
with the latest version of the global Mars geologic maps (Tanaka
et al., 2014b). The new maps, unlike previous versions (Scott and
Tanaka, 1986; Greeley and Guest, 1987), do not have strict unit
epochs in all cases, meaning that while there are Late, Middle,
and Early Noachian units, there are also areas simply classified
as Noachian and others as Hesperian-Noachian or Amazonian-
Noachian, and these cover non-trivial areas of the planet. For this
analysis, the planet was separated as Tanaka et al. (2014a) do
into 14 different units: N, eN, mN, IN, H, HN, eH, IH, A, AN, AH,
eA, mA, and IA (e = Early, m = Mid, | = Late, N = Noachian,
H = Hesperian, and A = Amazonian).

Then, ISFDs and CSFDs were created for each region to examine
D;. This was then repeated after grouping everything into three
“macro” units: N, H, A, where we did not include any that crossed
over chronostratigraphic boundaries (HN, AN, and AH, which com-
prise 2.6 - 107 km?, or 18% of the planet). From the CSFDs, the
percentage of secondary craters that comprised the D > 5 km and
> 1 km populations were measured, and the > 1 km populations
were also extrapolated as discussed in Section 3.1 to provide a
“corrected” estimate if the size-distribution at larger diameters re-
mained consistent through the D = 1 km point. These fits were
also used to estimate D;. The results are shown in Fig. 6.

Theoretically, these would show a simple trend of a decreasing
percentage of secondary craters, and a smaller D¢, as one comes
closer to the present time because the large primaries needed to
form km-scale secondaries have not had time to form. At first
glance Fig. 6 does not show this tend. First, the results of the 14
unit types are scattered with no significant trend. However, this
lack of trend could easily be interpreted as small numbers prob-
lems: Despite the hundreds of thousands of craters in this study,
several of the units cover just a few-percent of Mars’ surface area
and contain a few dozen or hundred craters (e.g., 1A has only 75
secondary craters D > 1 km identified). Therefore, it is the larger,
grouped epochs that should be looked to for a trend.

The broader Hesperian versus Amazonian terrains do show
what one would expect, where secondaries make up 1.2% of
D > 5 km craters on Hesperian terrain and 0.8% on Amazonian.
The corrected population of D > 1 km craters shows that secon-
daries are about 37% the population on Hesperian terrain and 17%
on Amazonian terrain. Meanwhile, the transition diameter is ex-
trapolated to about 0.75 km (“3/4 km”) and 0.5 km (“1/2 km”) on
the two, respectively. The ancient Noachian terrain does not show
a similar trend relative to Hesperian, but that can be explained
by erosion: Numerous studies have indicated extensive resurfac-
ing across the globe around the transition from the Noachian to
Hesperian epochs, in the amount of ~1 km of terrain removal,
which would destroy craters D < 10-20 km (e.g., Chapman and
Jones, 1977; Tanaka et al., 1988; Craddock and Maxwell, 1993;
Craddock and Howard, 2002; Forsberg-Taylor et al., 2004; Boyce
and Garbeil, 2007; Hoke and Hynek, 2009; Robbins et al., 2013).
Others, including Irwin et al. (2013), have shown that craters
D <5 km are unlikely to be older than the Hesperian. This would
remove the majority of km-scale secondary craters, leaving the
majority of D > 10 km primary craters. Therefore, the type of
trend actually observed - where secondary craters emplaced on
Noachian terrain are similar to those on Hesperian terrain - is
what one would expect given this context.
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Fig. 6. Top - Martian geologic maps (Tanaka et al., 2014b) showing the 14 chronostratigraphic units which include Noachian (N), Hesperian (H), Amazonian (A) undifferenti-
ated units, units separated into Late (1), Middle (m), and Early (e) divisions, and some that span epoch boundaries; color scheme is per Tanaka et al. (2014a), and percentages
next to each unit indicate the fraction of the planet classified as each unit. All Amazonian terrain is 13.0% of the planet, Hesperian is 27.3%, and Noachian is 41.7%. Bottom -
the results of examining CSFD and population results of primary and secondary craters once separated into each of the 14 units (circles) or when grouped together into all
N, H, and A units (bars). The bottom-left graph shows the percentage of D > 5 km craters that are secondaries, and the bottom-middle shows the percentage of D > 1 km
craters that are secondaries as measured (green/yellow) and as extrapolated (see text; blue/red). The bottom-right graph shows the extrapolated (or measured - AH only)
transition diameter, D;.

4. Conclusions and discussion cally globally unrecognized secondary craters is usually less than
5% for any measurement and has a minor effect on ages ... [and
we] conclude that crater count measurements are ‘contaminated’
by secondary cratering by percentages smaller than the assumed
statistical error”.

We are releasing these maps as well as an update to the
Robbins and Hynek (2012) crater database. Besides minor cor-
rections and additional formal names approved by the Inter-
national Astronomical Union in the past two years, the main
change is the additional data column indicating if a crater is
likely to be a secondary. If the SECONDARY column is empty,

In this work, we have characterized all Martian impact craters
D > 1 km as secondary or primary craters; we have done this
in a conservative manner, and we estimate that we may have
under-represented the number of secondary craters that currently
exist on Mars by as much as a factor of 2 for craters D <2 km.
Even if that is not the case, based only on the craters we iden-
tified, secondary craters globally number ~24% as many as pri-
mary craters, meaning they comprise ~19% the total population of
D > 1 km craters (Fig. 3b); the production of secondaries is ~26%
of all craters D ~ 1 km (Fig. 3a). Since we expect to have under-

estimated the 1-2 km secondary crater population by at least a
factor of ~2, the actual percentage is higher, secondaries com-
prising ~33% of the total population if the factor of 2 is correct.
This is contrary to predictions and conclusions from the models
of various papers, such as Neukum et al. (1975) or Werner et
al. (2009), the latter which stated, “the percentage of hypotheti-

the crater is assumed, by default, to be a primary crater. If in-
stead it has a value entered, it was flagged in this study as a
probable primary crater. This database update is available both at
http://craters.sjrdesign.net and the United States Geologic Survey’s
repository at http://webgis.wr.usgs.gov/pigwad/down/mars_crater_
consortium.htm.
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For most applications of crater populations (e.g., age-modeling,
population statistics, dynamical modeling of impactors), the ~25%
contamination level we found is not trivial, and this work indi-
cates that one cannot simply use a crater population blindly and
expect an accurate outcome despite the hundreds of published
studies that do use these craters. While we do not have the pre-
sumption to flatly state that, based on this work, all those previous
studies are wrong, it is not as bad as it may seem based on the re-
sults presented in Section 3.3: The vast majority of studies that use
small, kilometer-scale craters (including some published by these
authors), are done on very young, Amazonian-aged terrain, which
show less contamination at these diameters than older terrain be-
cause there have been no large craters that yet formed since that
terrain was last resurfaced that could produce the multitude of
kilometer-scale secondaries seen on older terrain. In other words,
one should be cognizant of the global contamination (Fig. 3),
but the more useful data are the regional contamination maps
(Figs. 4-5).

We find that previous work that has limited crater studies to
D > 5 km due to secondary craters is reasonable, for secondary
craters are only ~1.5% the global population of D > 5 km craters
(and ~4.7% of the craters D ~ 5 km that are produced are sec-
ondary craters). We also estimate the transition diameter, globally,
where the cumulative number of secondary craters is equal to that
of primary craters is D; ~ 0.75 km.

While this is broadly useful, more regional and local results
are needed to be useful for individual studies of certain regions
of the planet. For example, if one were creating global geologic
maps and wanted to extract craters from a global crater database
to estimate relative stratigraphy and model ages (e.g., Tanaka et
al., 2014a), then we would recommend using Fig. 4’s bottom-right
plot. It shows that, as a general rule, almost all terrains can be
classified as being dominated by primary craters so long as one
relies on D > 2 km craters; the one exception is near Lyot crater,
but the northern plains are generally mapped as one, broad, Hes-
perian lowland unit (Tanaka et al., 2014b) and so would tend to
average out. We can also say after an examination of our maps
with the latest geologic maps (Figs. 4-6) that it does not appear
as though secondary craters affected unit epoch attribution in the
most recent geologic maps (Tanaka et al.,, 2014b). At the opposite
extreme, if one were performing detailed mapping of the Ladon
basin, Fig. 5’s bottom-left plot would be best used, and it suggests
the researcher must be extremely careful of secondary craters un-
less restricting themselves to D > 6 km. Otherwise, detailed age
differences among the units could easily be attributable to slightly
closer or farther proximity to/from a large primary that has pro-
duced numerous secondaries. The ISFD version should be used
instead of the CSFD because mapping smaller units often means
one is limited to smaller craters, and the ISFD is also a more con-
servative estimate. Based on the stronger regional rather than age
trends (contrast Figs. 4 and 5 with Fig. 6), we recommend using
these over using a generalized value for a terrain age.

While this work has focused on Mars, and it is the first of its
kind to be conducted for any body, the implications (if not appli-
cations) to other planets and bodies directly follow because they
are the same: Not only are primary crater populations required
for estimating the ages - both absolute and relative - but primary
crater populations are needed without secondary contamination to
estimate the population of impactors (related to impact hazards)
and to understand dynamical processes, such as ejecta exchange
within gas giant moon systems and potential apex/antapex crater-
ing asymmetries on tidally locked satellites such as Earth’s moon.
Only by having a global census of impact craters and classifying
them as primary or secondary can we gain a better understand-
ing of how they affect global, regional, and local crater populations

and use those to better understand the processes that create those
populations to begin with.
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