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Previous studies have estimated the ages of lunar lobate scarps, some of the youngest tectonic landforms
on the Moon, based on the estimated life-times of their fresh morphologies and associated small graben,
using crater degradation ages, or via buffered and traditional crater size-frequency distribution (CSFD)
measurements. Here, we reexamine five scarps previously dated by Binder and Gunga (1985) with crater
degradation ages to benchmark the evaluation of both the buffered and traditional CSFD approaches
for determination of absolute model ages (AMAs) at scarps. Both CSFD methods yield similar ages for
each individual scarp, indicating that fault activity not only can be measured on the scarp itself, but
also in the surrounding terrain - an indication that tectonic activity causes surface renewal both adja-
cent to and even kilometers distant from scarps. Size-frequency variations in the regions surrounding the
scarps are thus useful for studying the extent and severity of the ground motion caused by coseismic slip
events during scarp formation. All age determination approaches continue to indicate that lunar lobate
scarps were active in the late Copernican, with some scarps possibly experiencing activity within the last

100 Ma.

© 2018 The Authors. Published by Elsevier Inc.

This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction and background

The relatively fresh appearance of lunar lobate scarps, including
their sharp morphology, undegraded appearance, and the absence
of large ( >400m) superposed craters, indicates that they are very
young (Fig. 1, Lucchitta, 1976; Schultz, 1976; Binder and Gunga,
1985; Watters et al., 2010; 2012, 2015). Using Apollo panoramic
photographs, Binder and Gunga (1985) derived age estimates for
21 scarps using crater degradation measurements on craters tran-
sected by or superposed on the scarps. The craters were clas-
sified according to their degradation state using calibration data
from Moore et al. (1980) and Boyce and Moore (1980) using the
method of Trask (1971), which was developed from techniques
proposed by Pohn and Offield (1970) and Offield and Pohn (1970).
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A maximum age for each scarp was determined from craters
crosscut by the scarp, while a minimum age was drawn from
craters crosscutting the scarp. Thus, the method of Binder and
Gunga (1985) yielded a range of ages that they interpreted to
bracket the formation age of the scarps. Most scarps gave rela-
tively well-defined formation ages indicative of a very short forma-
tion period, while a few scarps seem to have experienced extended
and/or multiple episodes of deformation. The age estimates of the
scarps range from 60+30 Ma to 6804250 Ma with uncertainties
of +2x to —4x, indicating that lunar scarps are Copernican in age
(Binder and Gunga, 1985). Factors that may bias the age estimates
to be older than actual include: (1) the resolution (~2m) of the
panoramic images which results in the softening of rims of small
(10-40m) craters making them appear larger and older, and (2)
different degradational characteristics of the terrain than the flat
mare surfaces that Trask (1971) used to calibrate the technique. For
example, several scarps measured have significant slopes, so the
superposed craters likely degrade faster and appear older due to
gravity-driven mass wasting than similar craters on flat mare sur-
faces, thus giving older apparent ages (Binder and Gunga, 1985). As
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Fig. 1. Morphology of lunar lobate scarps, where HW =hanging wall, FW = footwall, and V =highly degraded craters with shallow v-shaped floors. White arrows indicate
craters superposing the scarp, whereas black arrows show craters that are crosscut by the scarp. (a) A sharp fault trace crosscutting older small craters, along with smaller
superposing fresh craters, attest the relative youth of the Mandel'shtam-3 scarp. (b) Areas proximal to the scarps, particularly if the local slopes are > 15°, often exhibit a

small-scale hummocky texture with subdued v-shaped craters, for example at Henderson-2 scarp.

Table 1

Investigated scarps, their locations, and key parameters for the data used in this study. (The scarps are named pro-
visionally after the crater within which they occur or after nearby large craters.).

Scarp Latitude (°)  Longitude (°)  NAC image(s) Pixel scale (m/pixel)  Incidence angle (°)
Henderson-2 777 152.07 M115319317 116 72

M1159101897 1.19 55
Kondratyuk -15.03 116.78 M119088861 115 65
Koval'skiy-3 20.90 102.60 M1184149045  0.91 64
Mandel'shtam-3  5.83 161.03 M103460280 1.22 64
Morozov 6.54 129.94 M1113318442 123 52

M180322716 1.26 77

such, the true ages of the lobate scarps are assumed to be younger
than the apparent ages calculated by Binder and Gunga (1985).

The Lunar Reconnaissance  Orbiter Camera (LROC;
Robinson et al., 2010) provides new coverage of previously known
scarps, including some measured by Binder and Gunga (1985), as
well thousands of newly discovered scarps (Watters et al., 2010,
2015; Banks et al.,, 2012; Clark et al., 2017a). Since the study by
Binder and Gunga (1985), the method of crater size-frequency
distribution (CSFD) measurement was also developed to deter-
mine absolute model ages for geological units across the Moon
using a lunar crater chronology calibrated to the radiometric and
exposure ages of samples collected at Apollo and Luna landing
sites (Hartmann, 1966; Crater Analysis Techniques Working Group,
1979; Neukum, 1983; Neukum et al., 2001; Hiesinger et al., 2011).
Here, we evaluate the usefulness of CSFD measurements for deter-
mining absolute model ages (AMAs) for scarp formation. The new
data and more advanced techniques allow a renewed investigation
of “how old are lunar lobate scarps?”

Traditional CSFD measurements are used to derive ages for ge-
ologically distinct units, such as mare basalt flows and impact de-
posits, whereas buffered crater counting (BCC) methods were de-
veloped for assessing the ages of linear structural features, based
on the model age represented by craters crosscutting the fea-
tures (Tanaka, 1982; Wichman and Schultz, 1989; Kneissl et al.,
2015). Here, we investigate the use of both methods for dating
lobate scarps. We present both types of measurements for five
scarps (Fig. 2, Table 1) that were also investigated by Binder and
Gunga (1985), so that we can use ages determined via a different
technique to benchmark our results. Five of the 21 scarps studied
by Binder and Gunga (1985) have complete or almost complete im-

age coverage at the incidence angles required for CSFD measure-
ments in addition to DTM products. We also discuss the findings
of Senthil Kumar et al. (2016), who used the BCC technique to date
four scarps in Schrodinger Basin, in the context of our results.

2. Methods and data

The measurement of CSFDs relies on the selection of appropri-
ate count areas. The criteria include selection of an area with low
slopes, because slopes can affect the rate at which craters degrade
due to gravity-driven mass wasting, and thus their apparent age
(Basilevsky, 1976; Meyer et al., 2016). The area should also con-
tain no obvious secondary craters (herringbone patterns, clusters,
chains), and should represent one geological unit, based on compo-
sitional and morphological analysis (e.g., Neukum, 1983; Hiesinger
et al., 2011 and references therein). The proper selection of count
areas and the measurement of CSFDs for the derivation of AMAs is
described in detail by e.g., Hartmann (1966), Crater Analysis Tech-
niques Working Group (1979), Neukum (1983), Hiesinger et al.,
(2000) and Michael and Neukum (2010). The image data should
have similar or identical solar incidence angles for studies com-
paring areas in different image frames or products, because differ-
ences in incidence angles affect the population of craters visible for
measurement (Soderblom, 1970; Young, 1975; Wilcox et al., 2005;
Ostrach et al,, 2011). Ostrach et al. (2011) recommend using inci-
dence angles of 60-80°.

To derive the relative or absolute age of a photogeological unit,
one must (1) measure the surface area of the unit and (2) measure
the rim diameters of each primary impact crater within the unit.
All craters within the count areas are included, regardless of mor-
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Fig. 2. Overviews of the scarps dated by Binder and Gunga (1985), which we reinvestigated using CSFD methods (Table 1) as imaged by the SELENE Terrain Camera. (a)
Henderson-2, (b) Kondratyuk, (c) Koval’skiy-3, (d) Mandel'shtam-3, and (e) Morozov.
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Table 2

CH. van der Bogert et al./Icarus 306 (2018) 225-242

Absolute model ages (AMAs) using Poisson age determination (PDF) and cumulative fits (CumF) of lunar lobate scarps
derived using the standard technique in this study. Values in parentheses are derived exclusively on the basis of the
R-plot, as discussed in the text. CSFDs exhibiting equilibrium are indicated by ‘na’, because they cannot be fit with an

AMA.
Scarp Count area (km?)  Fit range (m)  PDF (Ma) N(1) (x107°)  CumF (Ma)  N(1) (x107°)
Henderson-2
HW 0.661 20-500 110 £20 8.87 95+20 7.93
Face 0.255 10-100 77+9 6.47 71+8 593
FW 0.874 na na na na na
Kondratyuk
HW 0.935 10-1000 79+5 6.58 75+4 6.23
FW 0.989 25-1000 58+20 490 56+20 4,71
Koval’skiy-3
HW 0.710 20-1000 150 +£20 12.3 170+ 20 13.9
FW 0.638 20-35 160 +£30 13.8 170+20 14.1
60-1000 1000 *300  8.64 1100 £ 400 9.24
Mandel'shtam-3
FWD(a) 0.393 10-28 (120+9) (10.4) (130+9) (11.1)
FWP(a) 0.393 10-20 (160+£10)  (13.3) (170+£9) (14.1)
HWP(a) 0.393 10-22 110+9 9.53 120+9 10.3
HWD(a) 0.393 na na na na na
FWD(b) 0.393 10-25 67+7% 5.60 67+7 5.61
25-300 190 +35 15.9 200+50 17.0
FWP(b) 0.393 10-35 89+8 7.47 110+9 9.55
33-800 350 %0 29.6 3604100 304
HWP(b) 0.393 10-38 98+8 8.23 100+8 8.53
HWD(b) 0393 10-38 (75+7) (6.25) (80+7) (6.74)
FWD(c) 0.393 25-65 320+100  26.7 310+ 100 25.6
FWP(c) 0.393 10-35 1209 10.2 120+9 10.8
40-800 320+60 26.5 320+60 26.9
HWP(c) 0.393 10-100 93+8 777 99+8 8.30
HWD(c) 0.393 10-40 130+9 11.2 150+ 10 12.5
48-72 1000 f;‘gg 85.6 920 +300 76.8
Morozov?
HW(a) 0.513 na na na na na
HW(b) 0.513 13-1000 84+10 7.02 81+9 6.79
FwW 0.513 na na na na na

2 May reflect the age of a small young crater within this area.
b HW(a) corresponds to Morozov-1, whereas HW(b) and FW represent Morozov-2 (see Section 3.5).

phology, except obvious secondary and endogenic craters. The cu-
mulative crater density of a geologic unit is related to the time the
unit has been exposed to the meteorite flux, giving a relative age
for the unit. Here, we report the cumulative crater density using
a 1km reference diameter, expressed as N(1). Radiometric and/or
exposure ages from returned lunar samples were correlated with
crater retention ages at the sample collection sites and coupled
with empirical measurements of the lunar production function, al-
lowing the development of a lunar chronology curve that is used
to derive AMAs for geologic units across the Moon (e.g., Neukum,
1983; Neukum and Ivanov, 1994; Neukum et al., 2001; Stoffler and
Ryder, 2001; Stoffler et al., 2006; Le Feuvre and Wieczorek, 2011).

The traditional approach for defining count areas requires the
selection of a single geologic unit forming a representative sur-
face for the measurement of the CSFD. In contrast, a buffered
crater counting (BCC) technique was developed for determining
ages for linear features independently from the surrounding geo-
logic units (Tanaka, 1982; Wichman and Schultz, 1989; Fassett and
Head, 2008; Kneissl et al., 2015). The technique uses craters (as
well as ejecta, if desired) that superpose the linear feature to de-
rive an AMA. Buffer areas are calculated from the diameter of each
crosscutting crater and a crater frequency is derived separately for
each crater and its respective buffer area. For linear features, only
craters that are observed to crosscut the feature are included in
the measurement (Tanaka, 1982; Wichman and Schultz, 1989). For
features with a definable width, such as valleys, the area of the fea-
ture is defined as W,, and is added to the half-width of the buffer
extending from the middle of the feature for each crater diameter
D, so that Sy, =aD +0.5W,, where a is equal to 1 when consider-
ing only crosscutting crater rims and is equal to 1.5 when consider-

ing overlapping ejecta blankets (Fassett and Head, 2008). For their
study of mercurian scarps, Giacomini et al. (2015) used both the
stringent linear method, as well as defining an area W, as encom-
passing the scarp antiform. Senthil Kumar et al. (2016) also used
the scarp antiform area for their lunar scarp measurements. We
defined the scarp trace as an area with almost negligible width,
and only included craters that crosscut that scarp trace. Senthil Ku-
mar et al. (2016) and we both exclude the consideration of crater
ejecta.

For CSFD measurements and morphological observations at the
studied lobate scarps (Fig. 2), we used the LROC Narrow Angle
Camera (NAC) (Robinson et al., 2010) images listed in Table 1,
as well as NAC-DTM (Digital Terrain Model) derived slope maps
(Tran et al., 2010; Henriksen et al., 2017) or slope maps gen-
erated from the LOLA-SELENE Terrain Camera DEM (Digital Ele-
vation Model) (Barker et al, 2016; Haruyama et al., 2008). The
images were calibrated and map-projected using the Integrated
Software for Imagers and Spectrometers (ISIS) software package
(Anderson et al., 2004) and imported into Esri’s ArcGIS software
package, where we used CraterTools (Kneissl et al., 2011, 2015)
to perform crater size-frequency distribution measurements. Us-
ing Craterstats (Michael and Neukum, 2010), the CSFDs were plot-
ted in cumulative and relative (R-plot) forms using pseudo-log bin-
ning. AMAs were fit both (1) in cumulative form with pseudo-log
binning (18 bins/decade) and a cumulative resurfacing correction,
where applicable (Table 2), and (2) using Poisson timing analy-
sis of the unbinned datasets (Table 2; Michael and Neukum, 2010;
Michael, 2013; Michael et al., 2012, 2016). (Poisson timing analysis
cannot currently be applied to BCC datasets. BCC data sets are thus
fit using the standard cumulative plot.) Fit ranges were determined
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Fig. 3. Henderson-2 scarp (a) NAC frame M115319317, (b) count area locations, where HW = hanging wall, FW = footwall, and Face =scarp face, and (c) NAC DTM-derived
slope map. (d-f) Cumulative and relative crater frequency plots showing absolute model ages (AMAs) determined using Poisson timing analysis, where applicable. (d) The
headwall exhibits an age of ~110 Ma, (e) while the scarp face is ~77 Ma. (f) The footwall cannot be fit with an age, because the CSFD is in equilibrium. Randomness analyses
(top panels) show no evidence for unidentified secondaries in the CSFDs, except for ~3-4m craters in the HW area - diameters which were not used to fit the AMA.

with the aid of the R-plots, which provide more detail for partic-
ular crater size bins than the cumulative plot. Randomness anal-
ysis was used to determine whether the collected data sets con-
tained unidentified secondary craters that would be expressed as
clusters of craters within different size bins (Michael et al., 2012).
We used the crater-size standard distribution or production func-
tion (PF) and chronology function (CF) of Neukum et al. (2001),
which is valid for craters with diameters > 10m and < 100 km.

Using the standard CSFD measurement approach, we defined
count areas at the scarps on a case by case basis to investigate
the crater populations at and near the scarps. The count areas
were selected to encompass relatively flat surfaces and to avoid
craters that exhibit morphologies such as herringbone, cluster-
ing, and non-circular rims that indicate they may be secondaries
(Neukum, 1983). Using this approach, we investigate the poten-
tial effects of shaking on the removal of small craters on and sur-
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Fig. 4. The absolute model age (AMA) derived for Henderson-2 via buffered CSFD
measurements (cumulative fit) is similar to those derived for the traditional count
area on the scarp face (Fig. 3e) and overlaps the error bars of the headwall mea-
surement.

rounding the scarps. We compare these traditional results with
BCC measurements for each of five scarps previously investigated
by Binder and Gunga (1985): Henderson-2, Kondratyuk, Koval’skiy-
3, Mandel’shtam-3, and Morozov (Table 1, Fig. 2). (The scarps are
named provisionally after the crater within which they occur or
after nearby large craters.)

3. Results
3.1. Henderson

The Henderson lobate scarp complex consists of four scarp seg-
ments in and to the west of Henderson B crater. Henderson-2 scarp
(7.77°N, 152.07°E), as identified by Binder and Gunga (1985), is lo-
cated west-northwest of Henderson B crater along the southwest
wall of an unnamed highly degraded ~200 km diameter crater. The
~21km long scarp crosscuts the degraded crater rims of two an-
cient craters (Figs. 2a and 3a). The northern portion, which has
a fault plane dipping to the NE, is 4.87 km long, has a linear ap-
pearance, and is uphill-facing along the crater wall. Banks et al.
(2012) determined that this section of the scarp has a relief of at
least 14 m and a scarp face slope of 12° based on profiles derived
from individual LOLA tracks. The southern portion of the scarp
transects the rims of the unnamed crater and another crater imme-

diately adjacent to the south. The scarp then runs to the east be-
fore disappearing about 9 km west of Henderson B. A ~7 km long
scarp segment (Henderson-1) is also visible along the southwest
wall of Henderson B crater itself.

We selected traditional count areas along and on the scarp face
(Fig. 3b). The count area that best meets the selection criteria is
the face of the scarp, which exhibits slopes of < 10° in the NAC-
DTM slope map (Fig. 3c). The slopes are generally lower than the
value reported by Banks et al. (2012), likely due to the spatial lim-
itations of the LOLA profiles used in their study. Two count areas
adjacent to the scarp face were selected on the head and footwalls.
However, these areas have slopes of up to 30°, which may affect
the derived ages. Due to the presence of small clusters of secon-
daries, the limited NAC coverage at incidence angles required for
CSFD measurements, and to the even steeper slopes of the sur-
rounding crater wall, we did not select areas more distal to the
scarp for investigation. The buffered CSFD count area was defined
along the same portion of the scarp trace as the traditional count
areas.

The CSFD derived from the hanging wall (HW) gives an AMA of
110 Ma+20 Ma, when fit using Poisson timing analysis (Fig. 3d).
(See Table 2 for all cumulative fits using the resurfacing correc-
tion, where applicable.) The level scarp face provides a some-
what younger AMA of 774+9 Ma (Fig. 3e), which agrees well
with the age derived via the BCC method (75420 Ma, Fig. 4). An
AMA could not be derived for the footwall (FW) (Fig. 3f), because
the distribution runs parallel to the standard equilibrium line of
Trask (1966), and thus cannot be fit with the production function
of Neukum et al. (2001).

The surfaces adjacent to the scarp have a hummocky morphol-
ogy that makes it difficult to identify small craters. On the hang-
ing wall, the three largest craters in the count area (> 37 m) have
highly degraded rims, with a v-shaped profile (in NAC-DTMs), that
suggest they may have been present prior to the occurrence of the
crater chronometer resetting event. However, their exclusion from
the age analysis does not alter the results. The craters on the scarp
face have a somewhat sharper morphology. On the footwall, 10 of
11 craters larger than 22m in diameter exhibit highly degraded
rims, which makes it difficult in most cases to reliably determine
their diameters.

The hanging wall exhibits some clustering of craters at diam-
eters of ~3-4m, as seen in the randomness analysis (Fig. 3d, top
panel), which are likely to be secondary craters. Indeed, chains and
clusters of small secondaries are visible in the northern section of
the HW counting area. However, these craters are smaller than the
range used for the age fit. There is no evidence for secondary con-
tamination on the scarp face or footwall (Fig. 3e, f).

3.2. Kondratyuk

Kondratyuk (15.27°S, 116.77°E) is an uphill-facing, slightly arcu-
ate, ~22 km long lobate scarp that crosses the floor of Kondratyuk
crater from north to south along the base of its eastern crater wall
(Fig. 2b; Banks et al., 2012). We focused on a section of the scarp
centered at 15.03°S, 116.78°E (Fig. 5a). Two narrow count areas ad-
jacent to the scarp were selected due to the limited NAC image
coverage, which ends just east of the scarp (Fig. 5b). The hang-
ing wall count area exhibits lower slopes (0-5°) than the footwall
count area (10-15°) (Fig. 5¢). Due to the spatially limited NAC cov-
erage at incidence angles required for CSFD measurements, and to
the steeper slopes of the surrounding crater wall, we did not select
areas more distal to the scarp for investigation.

The hanging wall at Kondratyuk exhibits an AMA of 7945 Ma
(Fig. 5d, Table 2). Some of the largest craters ( >45m in diameter)
in the HW count area exhibit high levels of degradation, in partic-
ular subdued crater rims. One large crater in the northern part of
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Fig. 5. Kondratyuk scarp (a) NAC frame M119088861, (b) count area locations, where HW = hanging wall and FW = footwall, and (c) NAC DTM-derived slope map with LOLA-
SELENE Terrain Camera DEM-derived slope basemap. (d,e) Cumulative and relative crater frequency plots showing AMAs determined using Poisson timing analysis. (d) The
headwall yields an AMA of ~77 Ma, and the footwall (e) an AMA of ~58 Ma. The headwall exhibits possible secondary craters at diameters up to ~8 m (d, top panel), but

not at diameters used to fit model ages.

the count area was so degraded that it was not possible to define
a rim. However, more of the largest craters have relatively sharp
rims compared with those at Henderson. The texture of the hang-
ing wall surface is somewhat hummocky, although less so than at
Henderson where the slopes were greater (up to 30° versus 0-5°).
The footwall is hummockier than the hanging wall possibly due to
the greater slope on the footwall, making it difficult to see craters

less than about 10 m in diameter, while the larger craters exhibit
more extreme degradation than those on the hanging wall. The
level of degradation makes it difficult to accurately measure the
diameters of the largest craters. The texture and degradation level
of the footwall cause the CSFD to reflect a younger surface age
(58729 Ma; Fig. 5e) than the headwall. For Kondratyuk, the BCC
AMA (63 420 Ma, Fig. 6) is closest in value to that of the footwall,
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Fig. 6. The AMA derived for Kondratyuk via buffered CSFD measurements (cumula-
tive fit) is similar to that derived for the traditional count area on the footwall, but
younger than that of the headwall.

but all the AMAs are within error of the BCC value. It is possible
that the BCC value was pushed lower by the accumulation of slope
debris along the scarp trace, which could have erased craters that
post-dated the scarp formation.

The randomness analyses for each of the traditional CSFDs
(Fig. 5d, e) do not show significant secondary contamination of the
count areas, except for craters <~8m in diameter on the hanging
wall. This size range is smaller than that used to fit model ages.

3.3. Koval’skiy-3

Koval’skiy-3 scarp (20.90°S, 102.60°E), as defined by Binder and
Gunga (1985), is located between Koval’'skiy B and Koval'skiy D
craters, approximately 30 km northeast of the Koval'skiy crater rim
(Fig. 2c). The ~14km long arcuate scarp traverses northeast over
slightly hummocky terrain (Fig. 7a). A smaller ~3 km-length scarp
(Koval'skiy-4) is located 5km west of the southern tip of the main
larger scarp, and exhibits a flat and more linear appearance. Scarp
segments 1 and 2 are located to the north, but are not yet imaged
by LROC NAC.

We selected a count area roughly in the middle of the longer
scarp segment (20.96°S, 102.54°E), where the influence of slumping
and secondary craters is limited and the slopes are the shallowest
(Fig. 7b, c). (There is a fresh crater at the northeastern terminus of

the scarp segment that we avoided.) The hanging wall can be fit
with an AMA of 150420 Ma (Fig. 7d), while the footwall exhibits
an AMA of 160+30 Ma (Fig. 7e). Here, the slight differences in
slope between the two count areas do not appear to greatly affect
the age determination. Neither CSFD appears to be affected by sec-
ondary contamination. The footwall also shows an additional age
of ~1 Ga for craters larger than 60 m in diameter (Fig. 7e). These
craters exhibit more degraded crater rims than the smaller craters,
and do not exhibit a v-shaped morphology or hummocky texture.
However, ~200m diameter craters to the northeast on the foot-
wall do show these morphologies. Craters smaller than 15m in di-
ameter in the count areas have a shallower CSFD, consistent with
a population in equilibrium. Given that the CSFDs at Henderson-
2 and Kondratyuk do not exhibit small crater populations that are
in equilibrium, the crater equilibrium at Koval’skiy-3 is consistent
with an older formation age, as also reflected in the AMAs.

We attempted to define a buffered area along the scarp trace.
However, the segmented and discontinuous scarp is hard to eas-
ily define close-up at NAC resolution, although a NAC-derived DTM
might allow for improvement. Nevertheless, for the sake of com-
parison, we defined a set of count lines along the white dotted line
denoting the scarp in Fig. 7a, which gave an AMA of 75420 Ma
(Fig. 8a). Because this age is much less than that determined from
the traditional count areas, we also determined a BCC age for
only the southern segment, which lies between the two traditional
count areas. The resulting age of 120+£50 Ma is more similar to
the traditional AMAs (Fig. 8b). Closer examination reveals that the
northern segment of the scarp is missing craters in some of the
larger crater diameter bins, perhaps due to the 15-30° slopes in
that area. Thus, we do not consider the combined age to be robust.

3.4. Mandel’shtam

Mandel’shtam (S3) (Binder and Gunga, 1985) or Mandel’shtam-
3 (Banks et al., 2012) (6.83°N, 161.03°E) is a long scarp with 20
subscarps, located in the middle of the extensive Mandel’shtam
scarp complex (Fig. 2d). The ~12km long segment 3 lies within
relatively flat terrain, with an easterly fault dip direction (Fig. 9a).
Because this segment lies in the middle of the NAC image pair and
is one of the longest lunar lobate scarps in this study, we were
able to examine three rows of CSFD measurements to explore the
variation of AMAs along the trace of and with distance from the
fault. Count areas were placed close to the scarp trace and then
~3-3.5km away, distal from the scarp on both the head and foot-
walls (Fig. 9b).

The northernmost count areas give ages of 160+10 Ma
and 1104+9 Ma on the proximal footwall FWP(a) and headwall
HWP(a), respectively. The distal footwall FWD(a) yields an age of
120 +£9 Ma, while the distal headwall HWD(a) is in equilibrium, so
that an age cannot be fit (Fig. 10a-d, Table 2). All of the ages de-
rived from the footwall areas in the northern transect could only
be fit on the basis of the R-plots (bottom panels, Fig. 10a,b), be-
cause the amount of resetting of the CSFD was minimal enough
that it does not appear in the cumulative representation of the
data. However, the R-plot can be used to determine the range of
crater diameters that can be fit with a young isochron. In these
cases, the cumulative resurfacing correction is needed to visualize
the fit on the cumulative plots.

The central count areas give ages ranging from 674+7 Ma to
988 Ma, with some areas showing older ages (190 *30 and
350 *3%0 Ma) recorded at the larger crater diameters - see the
respective fit ranges in Table 2 (Fig. 10e-h). HWD(b) exhibits an
age of 75+ 7 Ma, which was fit exclusively using the R-plot, as de-
scribed above. The youngest age (67 +7 Ma), at FWD(b), may result
from the occurrence of a fresh 72m diameter crater in that area
that likely affects the smaller crater population directly surround-
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Fig. 7. Koval'skiy-3 scarp (a) NAC frame M1184149045, (b) count area locations and scarp trace (white dotted line), where HW = hanging wall and FW = footwall, and (c)
LOLA-SELENE Terrain Camera DEM-derived slope map overlay. (d,e) Cumulative and relative crater frequency plots showing AMAs determined using Poisson timing analysis.
(d) The headwall gives an age of ~150 Ma. (e) The footwall shows an age of ~160 Ma, but also exhibits an older age of ~1 Ga.

ing it. Thus, we eliminate this age determination from our further
scarp-age analysis.

The southernmost count areas give ages of 93+8 Ma to
130+ 9 Ma, with some areas again showing older ages of about
320 Ma (Fig. 10i-1, Table 2). The HWD(c) area shows the old-
est age of all the investigated areas for craters 48-72m in di-
ameter of about 1 Ga. In summary, the investigated areas give a
group of ages from ~90-160 Ma, and a second group of ages from

~320-350 Ma. The BCC-derived AMA (56 +8 Ma, Fig. 11) is sig-
nificantly younger than the traditionally derived ages. This could
either indicate a problem with our measurement, or it could in-
dicate that Mandel’shtam-3 experienced additional creep after the
events recorded on the foot- and head walls.

Craters > 50m in diameter exhibit highly degraded rims and
a v-shaped profile with wedge-shaped shadows, as do many of
the craters with diameters of ~20-50m (e.g., HWP(b), Fig. 1a,
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Fig. 8. AMAs derived for Koval'skiy-3 via buffered CSFD measurements (cumulative fits). (a) AMA derived from both scarp segments illustrated in Fig. 7b. (b) AMA from the
southern scarp segment between the traditional count areas. The age derived from the southern segment is more consistent with the ages of the traditional count areas. The
younger age displayed by the combined areas may result from poor statistics and/or the steep slopes at the northern segment.

Fig. 9d,e), corresponding to the diameter range where a cumu-
lative resurfacing correction is required for the CSFD in the cu-
mulative plot (e.g., Fig. 10g). The steeper slopes in the southern
portion of the count area may cause slightly fewer craters to be
observed either due to their faster degradation or the more pro-
nounced hummocky texture of the surface that makes it harder to
distinguish small crater rims (see Fig. 9e,f). When evaluating the
range of crater diameters affected by the crater chronometer reset-
ting event, we can look at the range of diameters fit for each count
area (Table 2). Those locations with a wider range of reset crater
diameters (e.g., HWP(c) with a fit range of 10-100m, in contrast
with FWP(a) with a fit range of 10-20 m) experienced a more sig-
nificant resetting event than areas with smaller affected diameter
ranges.

3.5. Morozov

Morozov (6.54°N, 129.94°E), about 340km east of Mendeleev
crater, consists of two main segments spanning a distance of
~12km (Fig. 2e). The longest scarp in this area is Morozov-1 with
a length of 4.94km, whereas Morozov-2 is located to the north
(6.77°N, 130.00°E) and is 3.03 km long (Banks et al., 2012). Moro-
zov is uphill-facing, with the southern segment following the wall
of a depression that is likely an ancient impact crater. Morozov-2
runs up the ancient crater wall to the north. We selected count ar-

eas adjacent to Morozov-2 and in the transfer region between it
and Morozov-1, because the slopes adjacent to Morozov-1 tend to
exceed 15° (Fig. 12a-c). The southernmost hanging wall count area,
HW(a), gives an AMA of 84+ 10 Ma, whereas the second hanging
wall area in the north, HW(b), cannot be fit with an AMA, because
it appears to be in equilibrium (Fig. 12d). The footwall also cannot
be fit with an AMA (Fig. 12e), because the CSFD does not conform
to the lunar production function, rather it appears to be in equilib-
rium. The two northerly count areas exhibit a hummocky texture,
with highly degraded craters of all sizes, whereas the southerly
hanging wall area is smoother with more fresher small craters
(> 13 m diameter) observable.

Morozov does not currently have NAC coverage with illumina-
tion from the east. As a result, it is not possible to define a good
buffered CSFD measurement line along the foot of the scarp face,
which is in shadow. Thus, we used the SELENE Terrain Camera or-
thomap (Haruyama et al.,, 2008) to generate a BCC measurement
(Fig. 13). Despite the fact that the data set only contains 7 craters,
the result of 91 4+30 Ma is within its error to the age measured on
HW(b). The absence of a fit on the R-plot, however, argues against
the robustness of this fit. The slightly older BCC age could result
from the likelihood that the crater diameters were all measured
slightly larger than actual due to the lower resolution of the SE-
LENE data (7 m/pixel) versus the NAC frames. All the craters mea-
sured were less than 5 pixels across, which means that their diam-
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Fig. 9. Mandel'shtam-3 scarp (a) NAC frame M191909925, (b) count area locations, where HW =hanging wall, FW = footwall, D =distal, and P = proximal, and (c) NAC
DTM-derived slope map. (d) Count area HWP(b) shows the effects of both scarp-related and slope-facilitated degradation (see Discussion). (e) Craters >50m in diameter
exhibit highly degraded rims and a funnel-shape (orange), while many craters with diameters of ~20-50 m show these morphologies (yellow). (f) The steeper slopes in the
southern portion of the count area are associated with a slightly lower crater frequency than the rest of the count area. (For interpretation of the references to color in this

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

eters could not be robustly measured, because the crater rims can
no longer be clearly resolved.

4. Discussion
4.1. Selection of count areas in challenging terrain

The selection of count areas adjacent to scarps can encounter
challenges that cause a decrease in the precision of the age deter-
minations. First, image coverage of small features such as scarps
has greatly improved due to the work of recent and ongoing mis-
sions, such as SELENE and LRO. However, even at this writing
all lobate scarps do not have complete coverage at the illumina-
tion conditions required for CSFD measurements. For example, the
east-facing scarp face of Morozov has not yet been imaged with
the NAC with illumination from the east. As a result, we used
the lower resolution SELENE Terrain Camera orthomap. In addi-
tion, due to spacecraft and mission constraints, only select scarps

have stereo-imaging, such that NAC-derived DTMs could be gen-
erated. Thus, it was not yet possible to obtain NAC stereo for all
the studied scarps. However, the LOLA-SELENE Terrain Camera-
derived slope map provides regional information in the case of
Koval'skiy.

Regional to local slope maps are useful for helping select count
areas that are as flat as possible. Steep slopes contribute particu-
larly to degradation of small craters and affect the local level of ge-
ometric saturation equilibrium that can be expressed in the CSFD
(Basilevsky, 1976; Schultz et al., 1977; Mahanti et al., 2018). In par-
ticular, Basilevsky (1976) notes that crater lifetime is an inverse ex-
ponential function of slope steepness. While we were able to select
count areas adjacent to or on the faces of the scarps with minimal
regional slopes in many cases, steep slopes may have stymied our
ability to produce ideal count areas in some cases. At Henderson-
2, the hanging and footwalls both exhibit slopes > 10° The foot-
wall did not provide a CSFD that could be fit with an age, while
the hanging wall provided an age ~35 Ma older than the scarp



236

C.H. van der Bogert et al./Icarus 306 (2018) 225-242

T =

o v

.'_— rre el

U Y CTEE CT
B o m— 1
L . g2

e e

-\-il— L o o ]

e

L
-

g _
|

Fig. 10. Cumulative and relative crater frequency plots showing AMAs determined using Poisson timing analysis for Mandel’shtam-3, which are organized to correspond
with the geographic locations of the measurement areas on the footwall and headwall in Fig. 9. (a) Footwall FW(a) distal, (b) FW(a) proximal, (c¢) Headwall HW(a) proximal,
(d) HW(a) distal; (e) FW(b) distal, where a fresh 80 m diameter crater is likely responsible for the ~67 Ma AMA, (f) FW(b) proximal, (g) HW(b) proximal, (h) HW(b) distal;
(i) FW(c) distal, (j) FW(c) proximal, (k) HW(c) proximal and (1) HW(c) distal areas.
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Fig. 11. The AMA derived for Mandel'shtam-3 via buffered CSFD measurements (cu-
mulative fit) is less than those derived for the traditional count areas around the
scarp.

face count area with slopes < 10° (Fig. 3). However, at Kondratyuk,
the footwall count area ( > 10° slope) gave an age ~20 Ma younger
than the hanging wall (primarily slopes < 5°, Fig. 5). At Koval'skiy,
both traditional counting areas have slopes of < 15° and give ages
that are similar within error (Fig. 7). However, the presence of 15—
30° slopes along the northern scarp segment may be partially re-
sponsible for the much younger age derived from the combined
BCC measurement versus the age fit to just the southern scarp seg-
ment (which is consistent with the traditional AMAs). Given that it
is unclear how great of an effect steep slopes may have on deriva-
tion of robust AMAs, it is best to select count areas with shallow
to no slopes to mitigate the effect of slope on the CSFDs.

Some count areas may necessarily be rather small due the small
sizes of some scarps, as well as limitations due to the locally
steep slopes. Smaller count areas provide less robust statistics, but
even in consideration of the errors introduced, useful age estimates
can be derived (Pasckert et al., 2015; van der Bogert et al.,, 2015;
Williams et al., 2017). Using the 100 m/pixel LROC WAC mosaic,
Pasckert et al. (2015) showed that 4 km? areas within a larger 100
km? area reasonably reproduce the age derived from that larger
area, but have lower accuracy. To eliminate the effects of subse-
quent geological activity that could locally reset the CSFDs, van der
Bogert et al. (2015) modeled randomly generated CSFDs for differ-
ently aged surfaces to investigate the statistical effects on fitting

of AMAs to increasingly small count areas, and found the accuracy
and precision of AMAs decrease with decreasing count area size.
For example, for count areas with sizes between 0.25 and 1 km?
on a surface with an age of 100 Ma, the errors generated by the
count area size would be 20-30%. As a result, the variation men-
tioned in the previous paragraph between count areas with dif-
ferent slopes could also reflect the natural variation between the
small count area sizes. Buffered CSFD measurements are particu-
larly sensitive to count area size constraints due to their defini-
tion along the often small, thin scarps. Count area size effects are
caused by the reduced number of craters available to measure in
smaller areas, in addition to variations in the random distribution
of the craters, which may exhibit clusters or even sparse regions
with no craters (van der Bogert et al., 2015). In particular, the Pos-
sion analysis technique is useful for CSFDs with small numbers of
craters (and even for analysis of an area with no craters), because
this method evaluates the probability that a surface of a particular
age would exhibit the population of craters (or absence of craters)
(Michael et al., 2016; Williams et al., 2017). As such, we applied
Poisson analysis to our traditional CSFD measurements. However,
it cannot currently be applied to buffered CSFDs. Regardless of
the uncertainties involved, the age information that we can derive
from the lobate scarps is consistent with recent geological activity.

4.2. Comparison of buffered and traditional CSFD measurements

The BCC technique has been used to derive AMAs for large
structural features across the Solar System (e.g., Wichman and
Schultz, 1989; Basilevsky et al., 2011; Giacomini et al., 2015;
Kneissl et al., 2015; Fegan et al., 2017), but the technique has been
only recently applied to a small number of lunar lobate scarps
(e.g., Senthil Kumar et al., 2016; Clark et al., 2017b), and has not
yet been applied to small scarps recently discovered on Mercury
(Watters et al., 2016). Large-scale scarps on Mercury are many
10s to 100s of kilometers long, and most have been found to be
much older than lunar scarps (Banks et al., 2015; Giacomini et al.,
2015). Thus lobate scarps on Mercury both crosscut and are cross-
cut by significant numbers of craters larger than 10m in diameter.
This allows the straightforward determination of AMAs, since the
chronology function is defined for craters down to 10m in diam-
eter. In contrast, many lunar lobate scarps are only a few to tens
of kilometers in length, have small relief compared to their mercu-
rian counterparts, and are crosscut by few craters larger than 10 m
in diameter (e.g., Watters et al., 2010; Banks et al., 2012; Williams
et al., 2013; Roggon et al., 2017). The approach used by Senthil Ku-
mar et al. (2016) included all the craters that were present within
the area defined by the scarp antiform width, which was then
buffered using the craters crosscutting this area. Increasing the
area of the measurement allows the improvement of the statistics
and reduction of the overall error bars. However, we chose to ap-
ply the strict approach, which only considers craters that directly
crosscut the scarps, because we wanted to only measure craters
that unequivocally post-date the scarp formation.

We were able to derive ages using the BCC approach for all
the studied scarps (Table 3). In four of the cases, the ages com-
pared well with those we considered to be the best ages derived
using the traditional techniques (proximity to scarp, lowest slope
available, no suspected local non-scarp geological activity; Table 3).
In general, the errors for the BCC ages were larger than for the
traditional counts. The larger errors are caused primarily by the
smaller numbers of craters available for fitting (see plots for num-
bers of craters fit), which results from the smaller count area - a
line along the scarp trace. The similarity of the ages also generally
validates the measurement of craters within a count area defined
along the scarp antiform, as done with the more generous buffer
definition of Senthil Kumar et al. (2016) for lunar scarps, as well as
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Table 3

Previously determined scarp ages from crater degradation age determinations by Binder and
Gunga (1985) compared with absolute model ages derived via BCC (cumulative fits) and tradi-
tional CSFD measurements (Poisson fits for locations with minimum available slopes at or near

the scarps).

BCC AMAs (Ma)  Traditional AMAs (Ma)

Scarp Crater degradation age (Ma)
Henderson-2 210+ 60

Kondratyuk 680+ 250

Koval'skiy-3 240+ 60

Mandel’'shtam-3 180+ 50

Morozov-1 140 £50

75+20 77+£9
61+20 79+5
120+ 50 160 +30
56+ 82 98+8
91+30 84+10

2 May indicate continued activity on the scarp not recorded on the surrounding surfaces.

by Giacomini et al. (2015) for mercurian scarps. However, in their
work on Mercury Giacomini et al. (2015) do note that the ages they
derived via the more liberal buffer method are older (within er-
ror) than the stringent method, probably because the more liberal
method includes some craters that existed prior to the scarp for-
mation.

The primary disadvantage of the BCC approach is that it re-
quires the worker to decide which craters post-date the scarp for
inclusion in the measurement, while craters pre-dating the scarp
should be excluded. The consequence of excluding craters that
post-date the scarp would be that the age determination would
be too young. If craters that were present prior to the scarp are
included, the derived age will be too old. Determining the rel-
ative ages of the craters and scarps can be quite difficult, espe-
cially when measuring scarps near the limits of image resolution.
Senthil Kumar et al. (2016) also discuss this challenge, comment-
ing that it was also not possible to easily discern the relationships
between ejecta blankets that may or may not crosscut the scarps
they investigated. Wichman and Schultz (1989) also caution against
including crater ejecta in the measurements, because ejecta may
not clearly exhibit features that allow the determination of super-
position relationships. The inclusion of crosscutting ejecta blankets
is a strategy for improving the data set that works well in some
cases (Fassett and Head, 2008; Giacomini et al., 2015; Kneissl et al.,
2015). However, both Senthil Kumar et al. (2016) and we decided
to only measure crosscutting craters, but not ejecta, because we
found it to be difficult to discern whether crater ejecta crosscut the
scarps due to the overall small sizes of the craters we measured.

Given that the BCC measurement typically encompasses one en-
tire scarp or scarp complex/group (due to the need to measure as
many craters as possible), the resulting age represents the end of
the formation of the scarp or the last measureable evidence for
movement on the fault(s) (e.g., Kneissl et al., 2015). However, the
steep slopes of and surrounding the scarps could be affected by
ongoing gravity-driven mass-wasting, erasing and covering small
impact craters that postdate the last fault movement resulting in
underestimated ages (Titley, 1966; Head, 1975; Platz et al., 2013).
Another possible effect that could decrease the AMA determined
at scarp faces is the shielding of the surface from a portion of im-
pactors by the steep slopes, which could cause a reduction in im-
pact craters measureable at the foot of the scarp. This effect would
also depend on the local and regional slope conditions. Some of
these caveats may help explain why two of the BCC AMAs we de-
rived are significantly younger than those we determined using
the traditional approach. For example, at Mandel’'shtam we may
have either missed post-scarp craters along the scarp trace, or the
scarp may have continued to be active, but at a level not signifi-
cant enough to reset the crater record in the traditional count ar-
eas. At Koval'skiy, the diffuse nature of the scarp at high resolu-
tion made it difficult to confidently define the fault trace - a step
critical to obtaining a good result. When we separated the north-
ern and southern segments, it became apparent that the northern

segment was causing the overall age to be significantly reduced
(Fig. 8). In this case, either the steep slope in the northern seg-
ment caused erasure of craters that should have been included in
the measurement, or the very small sample size caused statistical
problems with the fitting of an age.

For the traditional measurements, several of the challenges
associated with BCC measurements are eliminated. First, all the
craters within the traditional count area are measured, without the
need to determine whether they pre- or post-date the scarp forma-
tion event. Traditional measurements also allow for the definition
of larger count areas, which increases the numbers of craters that
can be measured and thus decreases the statistical errors on the
age determination. Finally, the traditional CSFDs provide additional
information about the pre-existing crater populations - for exam-
ple when the larger crater diameter ranges can be fit with older
ages.

4.3. Seismic resetting of the cratering chronology

The similarity between the BCC and traditional ages that we de-
rived for lobate scarps (Table 3) shows that the scarp formation
event not only caused the formation of linear tectonic features on
the Moon, but also generated enough seismic shaking in the sur-
rounding terrain to reset the cratering chronology. However, could
there also be morphological evidence for seismic shaking in our
study regions?

Titley (1966) observed morphologies in the Ranger photographs
which are consistent with slumping, creep, and differential com-
paction. The features were not just observed in locations where
slope instability could be invoked to explain them, rather also in
locations where no apparent instability could be observed. Thus, he
concluded that the seismic activity associated with small impacts
could cause compaction, slope failure and debris creep, in an ana-
log to the effects of terrestrial earthquakes. Meanwhile, Schultz and
Gault (1975) interpreted the hummocky and subdued textures on
lunar ejecta blankets to result from seismically generated creep
and compaction. They suggest that craters in incompetent material
(such as highlands plains and/or regolith layers) would exhibit sub-
dued, funnel-shaped, dimple-floored, or mounded-floored profiles
as a result of seismic shaking causing creep and slumping of the
walls (Schultz and Gault, 1975). Later, the absence of small craters,
as well as the advanced degradation states of craters on the as-
teroid 433 Eros were also postulated and modeled to result from
impact-related seismic shaking (Veverka et al., 2001; Richardson
et al., 2004, 2005).

The areas surrounding the scarps we investigated also show
morphological evidence for slumping due to inherent slope insta-
bility on the somewhat steep regional slopes along large crater
walls. For example, the regional slopes at Henderson-2 (Figs. 1b
and 3) and Kondratyuk (Fig. 5) likely cause the footwalls in
both cases to exhibit hummocky textures, with craters that have
asymmetrical down-slope oriented degradation features. This mass
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Fig. 12. Morozov scarp (a) NAC frame M1113318442, (b) count area locations, where HW = hanging walls and FW =footwall, and (c) NAC DTM-derived slope map. (d,e)
Cumulative and relative crater frequency plots showing AMAs determined using Poisson timing analysis, where applicable. (d) HW(a), gives an age of ~84 Ma, whereas
HW(b) is in equilibrium and cannot be fit with an AMA. (e) The CSFD of the footwall cannot be fit with an AMA because it does not conform to the lunar production

function.

wasting is probably also enhanced by additional seismic shaking.
However, highly degraded, very shallow craters, with v-shaped
forms are encountered on relatively flat surfaces, for example at
Mandel'shtam-3 (Fig. 1a) and at Koval'skiy (Fig. 7). These degraded
craters are almost always the largest craters in the studied re-
gions. For example, at the Mandel'shtam-3 count area HWP(b)
(Fig. 9d,e), craters larger than 50 m in diameter exhibit v-shaped
profiles, while the craters <20 m in diameter exhibit typical bowl-

shaped forms and are much easier to measure, given their mor-
phologic freshness. For craters with diameters of 20-50 m, there is
a mixture of crisp, fresh morphologies and highly degraded, shal-
low, v-shaped craters.

The diameter dependency of the morphological features is di-
rectly reflected in the traditional CSFD plots and fits we made.
The diameter range of the smaller, fresher craters represent the fit
range for the young AMAs we interpret to represent a scarp for-
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Fig. 13. The AMA derived for Morozov-1 and Morozov-2 together via buffered CSFD
measurements (cumulative fit) using the SELENE Terrain Camera orthomap is simi-
lar to the HW(b) result. As a stand-alone measurement, this result is not robust due
to the small number of data points and the poor fit in the R-plot.

mation or reactivation age. The larger more degraded craters give
older AMAs that may be either indicative of earlier more severe
or possibly extended scarp activity, or of the background age of
the underlying geological unit (e.g., highlands materials or impact
ejecta). In cases where the surface is in equilibrium, such as at
Morozov (Fig. 12) and some parts of Mandel’shtam (Fig. 10d, area
HWD(a)), this could indicate that the ground motion was not sig-
nificant enough to reset the crater chronometer.

The more detailed study at Mandel’'shtam illustrates that scarp-
related seismicity affected regions even ~3km distant from the
scarp. The variability in the intensity of the ground motion may
be recorded by the largest crater diameter reset during the event;
these values are reflected by the fit ranges selected for the AMAs
(Table 2). For example, HWP(c) contains craters up to 100 m in di-
ameter that were reset by the event, whereas HWP(a) only exhibits
resetting for craters up to 22m in diameter. This suggests that
ground motion at HWP(c) was stronger and/or of a longer duration
than at HWP(a) in order to erase the larger craters. Area HWP(b)
shows effects for craters <38 m in diameter. Thus, local variations
in the degree of seismic shaking can cause variations in the level
to which the crater population is affected. So, the variations in the
CSFD around a scarp yield information about the intensity and spa-
tial extent of seismic shaking involved in the cumulative coseismic
slip events that formed the scarps.

4.4. How old are lunar lobate scarps?

Binder and Gunga (1985) concluded that Iunar scarps
are Copernican in age, with ages ranging from 60430 to
6804250 Ma. In their analyses, they noted that scarps fell
into two different groups based on their age characteristics: (1)
scarp complexes or groups with a unique age - most ages derived
for scarp complexes indicated a coeval formation of the segments
(e.g., Mandel’shtam with ages of 100+ 70 to 190+ 70 Ma), and (2)
scarp complexes with distinctly different ages between their sub-
scarps (e.g., Koval'skiy with ages of 240+ 60 and 6204280 Ma).
These crater degradation ages were argued to be biased to older
ages due to limitations on the technique: (1) the resolution (~2m)
of the panoramic imagery results in the softening of rims of small
(10-40 m diameter) craters therefore making them appear larger
and older, and (2) the method of Trask (1971) for assessing crater
degradation age was created for craters on flat mare surfaces,
rather than hilly highlands areas (Binder and Gunga, 1985). The
latter concern could cause the age estimates to be older than ac-
tual, because highlands materials may degrade quicker than mare
materials due to their physical properties, although the differences
between the degradation rates are not yet clear (Mahanti et al.,
2017, 2018; van der Bogert et al, 2017). In addition, the slope
maps we used in our study show that some of the studied scarps
exhibit significant slopes, which may have caused some of the
craters measured by Binder and Gunga (1985) to have experienced
enhanced slope-related degradation - resulting in older than
actual age estimates.

Watters et al. (2010) estimated the ages of scarps to also be
Copernican based on the fact that many scarps are crosscut by
craters < 50 m in diameter. Craters <50 m in diameter are, based on
their expected degradation lifetime, Copernican ( <800+ 15 Ma) in
age (Trask, 1971). Watters et al. (2012; 2015) argued that small-
scale graben associated with some scarps must also be extremely
young since they would be expected to fill in and disappear
quickly. For example, with a fill rate of 54 3 cm/Ma, based on boul-
der track erasure (Arvidson et al., 1975), a graben with ~1 m depth
would be expected to fill in ~12.5-50 Ma. A young age for as-
sociated flexural features would necessitate a young age for the
primary scarp itself. In fact, Watters et al., (2015, 2017) suggest
that the young fault activity may be associated with recent shal-
low moonquakes, of which 28 were recorded by Apollo instrumen-
tation (Nakamura et al., 1979; Watters and Johnson, 2010).

The ages that we derived from CSFDs at and around the five
study scarps (Tables 2 and 3) also support a late Copernican age,
approaching the young ages estimated by Watters et al. (2012;
2015), and consistent with the ages determined by Senthil Kumar
et al. (2016) for four scarps in the Schroédinger basin (11-85Ma).
At Henderson-2, Kondratyuk, Koval'skiy-3, and Morozov, our BCC
and traditional AMAs are similar to one another, suggesting that
these areas reflect a short period of tectonic activity that reset
the surrounding crater record, while forming the scarp. However,
the younger BCC versus traditional AMAs derived for Mandel’shtam
might suggest that minor scarp movement continued after a more
significant shaking event that was recorded in the surrounding ter-
rain, or that we were only able to obtain an incomplete count due
to similar challenges as encountered at Koval’skiy-3.

By using LROC NAC images with pixel scales approaching
1m/pixel, we were able to measure the diameters of smaller
craters than Binder and Gunga (1985) were able to identify on the
Apollo panoramic images. Having measured a population of craters
with CSFD techniques, rather than investigating the degradation
states of individual craters, we also have a de facto test of con-
sistency of the crater diameter measurements (via the wellness of
the fit with the lunar production function) down to the limit of
the current chronology function at 10 m crater diameters. Thus,
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it is not surprising that our AMAs provide younger, more precise
estimates than the study of Binder and Gunga (1985). One caveat
of the traditional approach, however, is that the diameters of the
craters affected by seismic shaking and degradation may be larger
than expected for the pre-scarp population of craters, leading to an
overestimation of these surface ages. Nevertheless, our data illus-
trate that focused studies using different CSFD techniques at indi-
vidual scarps can and do shed light on their detailed tectonic his-
tories (e.g., Mandel’'shtam, Clark et al., 2016).

5. Conclusions

The late-Copernican ages we derived via both buffered and tra-
ditional crater size-frequency distribution measurement techniques
are younger than age determinations based on crater degradation
measurements (Binder and Gunga, 1985), and slightly older than
ages estimated from the expected life-times of the scarps and their
associated small graben (Watters et al., 2010, 2012, 2015). The sim-
ilarity between BCC and traditional CSFD measurements at and
around many of the lunar scarps we studied indicates that scarp-
related seismicity reset the crater chronometer not only at, but also
in the terrain surrounding lobate scarps. This observation suggests
that shallow moonquakes may be associated with tectonic activity
at lunar scarps. Further studies are needed to explore the magni-
tudes and extents of shaking around scarps and to evaluate how
this may relate to scarp morphology and topology. Global assess-
ment of scarp formation ages could provide information about the
overall tectonic evolution of the Moon (Clark et al., 2017a).
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