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Impact processes at all scales have been involved in the formation and subsequent evolution of Gale
crater. Small impact craters in the vicinity of the Curiosity MSL landing site and rover traverse during
the 364 Sols after landing have been studied both from orbit and the surface. Evidence for the effect of
impacts on basement outcrops may include loose blocks of sandstone and conglomerate, and disrupted
(fractured) sedimentary layers, which are not obviously displaced by erosion. Impact ejecta blankets are
likely to be present, but in the absence of distinct glass or impact melt phases are difficult to distinguish
from sedimentary/volcaniclastic breccia and conglomerate deposits. The occurrence of individual blocks
with diverse petrological characteristics, including igneous textures, have been identified across the
surface of Bradbury Rise, and some of these blocks may represent distal ejecta from larger craters in
the vicinity of Gale. Distal ejecta may also occur in the form of impact spherules identified in the
sediments and drift material. Possible examples of impactites in the form of shatter cones, shocked rocks,
and ropy textured fragments of materials that may have been molten have been observed, but cannot be
uniquely confirmed. Modification by aeolian processes of craters smaller than 40 m in diameter observed
in this study, are indicated by erosion of crater rims, and infill of craters with aeolian and airfall dust
deposits. Estimates for resurfacing suggest that craters less than 15 m in diameter may represent steady
state between production and destruction. The smallest candidate impact crater observed is �0.6 m in
diameter. The observed crater record and other data are consistent with a resurfacing rate of the order
of 10 mm/Myr; considerably greater than the rate from impact cratering alone, but remarkably lower
than terrestrial erosion rates.

� 2014 Elsevier Inc. All rights reserved.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2014.10.013&domain=pdf
http://dx.doi.org/10.1016/j.icarus.2014.10.013
http://dx.doi.org/10.1016/j.icarus.2014.10.013
http://www.sciencedirect.com/science/journal/00191035
http://www.elsevier.com/locate/icarus


H.E. Newsom et al. / Icarus 249 (2015) 108–128 109
1. Introduction

The surface of Mars has been affected by impact cratering
processes throughout its history. Gale crater is an example of an
impact crater (155 km diameter) that formed in the late Noachian
to early Hesperian (Anderson and Bell, 2010; Thomson et al., 2011),
most likely as complex crater (Pike, 1980; Schwenzer et al., 2012).
Gale crater and vicinity comprise a rich and diverse geologic
history, including volcanic activity (Stolper et al., 2013; Schmidt
et al., 2013), mineralogical evidence for aqueous alteration
(Milliken et al., 2010; Fraeman et al., 2013; Ehlmann and Buz,
2014), and the presence of fluvial and lacustrine sedimentary
environments (Williams et al., 2013; Grotzinger et al., 2013;
Palucis et al., 2014). The early results from the MSL mission provide
evidence for a habitable environment with abundant near-neutral
pH water (Grotzinger et al., 2013). Understanding the effects of
impact cratering on surficial materials provides insight into how
later, smaller impacts and subsequent aeolian processes may
complicate the interpretation of the preserved stratigraphic record,
as well as provide constraints on resurfacing rates.

Gale crater is superimposed on the martian dichotomy boundary
and, more specifically, formed on Noachian and Hesperian-aged
units on its eastern, southern and western margins. Gale is bounded
by Noachian to Amazonian aged transitional materials on its
northern margins according to the new Geologic Map of Mars
(Tanaka et al., 2014a,b). A schematic map (Fig. 1B) provides the
context for this study, as well as highlighting Gale crater ejecta that
were not well identified in past studies. The mapping was done at a
regional scale using the THEMIS daytime and nighttime mosaic.
Thermal imagery is especially powerful to differentiate patterns
related to the crater’s ejecta, which behave differently than
Fig. 1. (A) THEMIS mosaic of Gale crater and surroundings (http://www.mars.asu.edu/da
‘‘Fig. 2’’ denotes the landing site of Curiosity. (C) Hummocky terrain typical of thick ej
separates approximately hummocky material interpreted as ejecta to the left from non-
buried beneath ejecta. Portion of HRSC image from orbit 5273. (E) Examples of fluvial vall
on the floor of Gale. Portion of HRSC image, orbit 4191.
surrounding bedrock. HRSC, CTX and HiRISE images were used to
locally check the mapping, but coverage was partial and was not
used for the full scale mapping.

Orbital images show thick ejecta outside of Gale’s rim,
particularly around the southern rim, indicating that it is one of
the younger large craters in the region. Superimposed on the Gale
deposits are five craters mapped with fresh ejecta blankets
(Fig. 1B). Distal ejecta from these nearby, similarly aged or younger
craters are likely to have diverse compositions reflecting the varied
lithology of martian crust north and south of the dichotomy.
Variations in the regional chemistry have been noted, for example,
in Odyssey Gamma Ray data (Newsom et al., 2013a,b). There is a
strong potential for some of the ejecta from these more recent
craters to have formed secondary craters and be present as loose
blocks within Gale crater.

The original morphometry of Gale has also been extensively
modified by accumulation of deposits preserved within the central
mound, Aeolis Mons (informally named Mt. Sharp), which can
include sedimentary and/or volcaniclastic and distal ejecta depos-
its. In addition, the crater contains alluvial and fluvial deposits
originating at the crater rim, and younger (i.e., active) sedimentary
dunes and dust deposits (Silvestro et al., 2012). Crater count stud-
ies by Grant et al. (2014) show that the bulk of the alluvial deposits
of Gale were deposited in the Hesperian, in particular the Peace
Vallis Fan, including the distal Bright Fractured terrain, that
includes Yellowknife Bay studied by Curiosity, date to 3.2–3.3 Ga.
The thick succession of strata preserved within Mt. Sharp could
represent an erosional remnant of a much more extensive crater
fill (Cabrol et al., 1999; Malin and Edgett, 2000), or reflect its origi-
nal shape resulting from atmospheric effects during mound growth
(Kite et al., 2013). Much of the rest of the crater floor, including the
ta/thm_dir/). (B) Geological sketch map of the same area. The star in the box labeled
ecta deposits. Portion of CTX image B21_017720_1703. (D) The dashed white line
buried highlands to the right. The white arrow points to a fluvial valley apparently
eys incising ejecta are indicated by white arrows. SC indicates small chaotic terrains

http://www.mars.asu.edu/data/thm_dir/


Table 1
Float rocks > 20 cm visible in vertically projected NavCam mosaics provided by the
MSL mission. In some Sols the NavCam survey did not cover a full 360�. The last
column is the abundance of blocks per 100 m2, approximately the area in the
ChemCam targetable area around the rover out to �5.6 m. Examples of the mosaics
used to obtain this data are available by Sol number at: http://mars.jpl.nasa.gov/msl/
multimedia/mosaics.

Sol N Area (m2) N/m2 N/100 m2

2 1 150 0.007 0.67
22 7 150 0.047 4.7
24 2 150 0.013 1.3
26 2 150 0.013 1.3
29 4 150 0.027 2.7
38 5 150 0.033 3.3
39 0 55 0.000 0.00
40 1 150 0.007 0.67
41 1 40 0.025 2.5
42 2 40 0.050 5.0
43 3 150 0.020 2.0
48 1 150 0.007 0.67
336 2 150 0.013 1.3
337 2 80 0.025 2.5
338 0 150 0.000 0.00
340 16 150 0.11 11
342 3 150 0.020 2.0
343 2 150 0.013 1.3
344 7 150 0.047 4.7
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Bradbury Landing site of MSL, and possibly the lower portions of
Mt. Sharp, are buried by sediment inferred to have originated at
the crater rim, such as the surficial deposits that comprise the
Peace Vallis fan (Palucis et al., 2014), the fine-grained lacustrine
strata of the Yellowknife Bay formation (Grotzinger et al., 2013),
and, probably, the fluvial conglomerates on Bradbury Rise
(Williams et al., 2013). The possible derivation of some of the sed-
iments from the central uplift and/or Mt. Sharp cannot be ruled
out, however (Dietrich et al., 2014).

This work provides an overview of small (simple) impact craters
and related materials observed within Gale crater, both from orbit
and from the Curiosity rover during the first 364 Sols of the MSL
mission. During this time the rover initially studied the materials
near the landing site on Bradbury Rise (Sols 0–123), including a
stop at the Rocknest drift deposit (Sols 55–102). The rover then
explored the bright fractured units of Yellowknife Bay (Sols
124–299), including extensive time in the vicinity of the drill sites
at John Klein (Sols 163–198) and Cumberland (Sols 272–292). After
departing Yellowknife Bay, the rover returned to the Hummocky
Plains units from Sol 300 to Sol 364 (the limit for discussion of
most of the features described in this paper). This record of crater-
ing combined with other data provides constraints on the erosional
history of the area investigated by Curiosity.
345 3 150 0.020 2.00
347 6 64 0.094 9.4
349 4 150 0.027 2.7
351 3 150 0.020 2.0
354 1 150 0.007 0.7
356 3 150 0.020 2.0

All 81 3279 0.025 2.5

�340 65 3129 0.021 2.1
2. Image surveys – sources and analysis methods

2.1. Crater measurements from orbital data

The Mars Reconnaissance Orbiter (MRO) contains two imagers
used for orbital evaluation of Gale crater. The HiRISE instrument
(McEwen et al., 2007) provides the highest resolution images
(25 cm per pixel), which was also used to create a Digital Elevation
Model (DEM) (1 m per pixel elevation) (Golombek et al., 2012; Kirk
et al., 2011). The CTX camera (Malin et al., 2007) provides �6 m
resolution gray scale images with broader coverage than the
HiRISE images, and was used for some of the mapping.

2.2. Surveys near the rover of small craters, the abundance and nature
of isolated blocks

The NavCam and other engineering cameras provide the most
comprehensive view of the areas around the rover (Maki et al.,
2011). The vertically projected NavCam mosaics produced by the
MSL Operational Product Generation Subsystem (OPGS) group
(Helen Mortensen lead) provided essential data to examine iso-
lated blocks and small crater forms at the decimeter to meter scale
to evaluate their circularity. The stereo NavCam data allowed
examination of candidate craters for existence of a central depres-
sion. A confirmed crater has a minimum/maximum diameter ratio
greater than 70% based on the topographic rim and distribution of
ejecta blocks. During the rover traverse, numerous blocks of float
were encountered on top of bedrock or regolith. To better under-
stand the areal abundance of these larger blocks, a survey was con-
ducted of the number of blocks (>20 cm in length) visible in the
NavCam mosaics around the stops on Bradbury Rise up to Sol
361 to a distance of 18 m from the rover as described below
(Table 1). The area visible in the projected NavCam mosaics was
calculated and corrected for the areas obscured by the Rover itself,
especially the area to the rear.

2.3. Estimation of dip

The dip of blocks that might have been dislodged by impacts
was estimated semi-quantitatively from stereo images from the
rover. A combination of Mastcam and NavCam images allowed
the dip of the blocks to be determined from their orientation and
angle to the horizontal, in addition to the angle down from the
cameras to the sample, which can be determined with the MSLICE
software used by the project. Uncertainty depends on the orienta-
tion of the blocks but is usually less than or equal to 10�.
2.4. Impactite and spherule survey

A search for possible impactites, including shatter cones, impact
melts and disrupted bedrock was conducted primarily using color
images from the narrow M100 and wide angle M34 color mast
cameras (Mastcam) (Malin et al., 2010). This imagery included
occasional 360� surveys and the more frequent Mastcam images
of the workspace in front of the rover, targets of opportunity
images selected by the daily operations groups, and documenta-
tion images of the ChemCam blind targets. Resolution and image
coverage limited the impactite survey to the area within �6 m of
the rover. The NavCam panchromatic images were less useful for
this purpose because of their lower resolution. Other images from
The Mars Descent Imager (MARDI) and Hazcam were examined
but were very limited in areal extent for the first 360 Sols. High
resolution images of impactite materials were also obtained with
the mast mounted Remote Micro Imager (RMI), which is part of
the ChemCam instrument (Maurice et al., 2012; Le Mouélic et al.,
2015). The Mars Hand Lens Imager (MAHLI) on the rover arm
(Edgett et al., 2012) provides high-resolution (�15–30 lm per
pixel) color images of materials close to the rover, and this was
used to image candidate impact spherules in the trenches and
rover tracks, on rock outcrops and material dumped on the
observation plate. A z-stack technique is used to combine the best
focused portions of multiple images taken at different focus
settings to increase the depth of field.

http://mars.jpl.nasa.gov/msl/multimedia/mosaics
http://mars.jpl.nasa.gov/msl/multimedia/mosaics


H.E. Newsom et al. / Icarus 249 (2015) 108–128 111
3. Gale crater setting and formation

Gale crater (sketch map for context seen in Fig. 1B) is located
predominantly within highlands crust. The interior of Gale con-
tains fluvial valleys, sedimentary deposits, and a possible central
peak exposed on the south side of Mt. Sharp. Gale ejecta were
mapped based on the identification of hummocky patterns
(Fig. 1C), and lobate forms typical of ejecta deposits (Fig. 1B). The
mapped boundaries are commonly indicated by dashed lines
because the limit is not always easy to follow because erosional
degradation has modified the boundary, or because of limited high
resolution image coverage (Fig. 1D). Beyond the edge of the
annulus containing the continuous ejecta blanket, discontinuous
ejecta are preserved as rays and secondary ejecta mapped as
brown curvilinear features in Fig. 1B. Crosscutting relationships
show that Gale ejecta are superimposed on dissected highlands
of the Noachian period (Tanaka et al., 2014a,b), as well as on sev-
eral Noachian-age craters, for instance Lasswitz crater to the south,
which display low depth–diameter ratio and strongly eroded rims
typical of Noachian craters (e.g. Mangold et al. (2012b)). The rela-
tionships are more complicated to the north where the occurrence,
or preservation, of ejecta seems more limited. Local rays of Gale
ejecta are found on the plateaus of chaotic terrains (Meresse
et al., 2008; Chapman and Tanaka, 2002) (Fig. 1B), but material
from the fretted valleys (which are bounded by these plateaus)
and the smooth plains to the north-west is distinct from ejecta
and is likely superimposed over Gale crater ejecta. The ages were
determined by crater counts on the southern ejecta blanket by
Thomson et al. (2011), Bustard et al. (2012) and Le Deit et al.
(2013) are �3.7 Gy (see Michael and Neukum (2010) and
Michael (2013) for current methodology). This age is also
consistent with the Ar–Ar dating (4.16 ± 0.4 Gy) of the crust
formation age of materials now in Yellowknife Bay (Farley et al.,
2013), regional stratigraphic relationships, including the Late
Hesperian–Early Amazonian resurfacing of northern terrains and
formation of fretted valleys.

Superposition relationships between regional fluvial landforms
and later Gale crater have also been mapped. The cratered
highlands fluvial networks are interpreted as part of the Late
Noachian–Early Hesperian period of fluvial activity (e.g., Fassett
and Head, 2008). These widespread valleys are locally buried
beneath Gale ejecta (Fig. 1A, in blue1 in Fig. 1B and D). By contrast,
the valleys inside Gale are limited to small watersheds on the rim
and Mt. Sharp, and do not extend beyond the Gale ejecta. A few
valleys cut the Gale crater rim (Fig. 1A and D, in blue in Fig. 1B),
including Peace Vallis, upstream of the Curiosity landing site
(Williams et al., 2013). Locally, other valleys cut through ejecta, such
as northeast of Peace Vallis, where valleys form a 40 km wide
watershed and join a depression with small chaotic terrains that also
post-date ejecta (Fig. 1E). These relationships imply that Gale crater
formed either close to the end of the main period of fluvial activity in
the Noachian to Early Hesperian (e.g., Fassett and Head, 2008), or
between the end of this main period of activity and the Late
Hesperian (�3.4–2.9 Gy) episode of fluvial activity found in several
regions on Mars (e.g., Mangold et al., 2004, 2012a,b; Quantin et al.,
2005; Grant and Wilson, 2011). An impact age of Late Noachian to
Early Hesperian suggests both hypotheses are possible for the age
of these valleys. Nevertheless, several observations point toward late
stage activity for the valleys found inside Gale crater (Anderson and
Bell, 2010). First, ejecta remain largely undissected by fluvial valleys,
suggesting later fluvial activity was localized and not as widespread
as with the Noachian valleys. Second, is the presence of late-stage
1 For interpretation of color in Fig. 1, the reader is referred to the web version of
this article.
valleys outside of the ejecta blanket that cross post-Noachian ter-
rains (in purple, to the east on Fig. 1B). Lastly, crater counts on Peace
Vallis fan showing Late Hesperian to Early Amazonian ages (Grant
et al., 2014) demonstrate that post-Noachian fluvial activities
occurred. In this chronology, Gale crater shares characteristics with
Holden crater, where post-Noachian valleys also incise ejecta
(Mangold et al., 2012a).
4. Impact crater frequency and depth–diameter ratios

The Hummocky Plains (HP) and Bright Fractured (BF) surfaces
that have been directly visited by Curiosity are found on the Gale
crater interior units and form part of the family of large areas with
ages from craters >400 m in diameter indicating the surface
formed <3.2–3.3 Ga from the study of Grant et al. (2014) as sum-
marized above in the Introduction. A limited area near the Curios-
ity landing site was examined to determine the preservation state
of the craters and their relative frequency (Location Fig. 2B). The
area studied contained too few craters to determine useful ages.
Craters of various sizes were identified and depths retrieved using
co-registered HiRISE and HiRISE-derived DEM data. Examination of
HiRISE data covering the HP and BF surfaces show a range of crater
preservation states, with a few pristine-looking craters and numer-
ous craters that appear shallow and degraded (Fig. 3). Every feature
seen at full HiRISE resolution in stereo images that had a circular
profile and a distinct depression was counted and measured. The
DEM allow depth determinations on the order of 20 cm under ideal
conditions (e.g. Kirk et al., 2008). As described below in the next
section on observation of small craters from the rover, the
Hummocky Plains contains abundant topographic features on the
3–10 m scale, that appear to be possible craters in low resolution
images, such as Fig. 3, but which do not meet the criteria of being
confirmed craters due to non-circular shape or lack of a depression.

The cumulative crater abundances versus diameter (Fig. 4) were
determined for the relatively small crater sizes (<100 m diameter)
within a few hundred meters of the Bradbury Landing site and
areas traversed within the first 360 Sols. The crater population
drops off at smaller sizes from an expected log linear production
function curve as shown, beginning at diameters of 10–15 m, down
to the smallest craters measured at 2.75 m. The reduced number of
these small craters is consistent with observations from Curiosity’s
NavCam and Mastcam imaging systems showing that shallow cra-
ters are being erased by surface processes. These processes include
infilling by aeolian deposits, as well as the ongoing aeolian erosion
of the crater rims, which affect small craters the most (see below).
Craters in the size range from 3 to 15 m diameter are easily resolv-
able in the HiRISE images and only for craters at the very smallest
size bin could the drop off include some issues with resolution, as
discussed below.

The maximum extent of vertical reworking of the surface and
shallow subsurface can be assessed by assuming that all craters
start with the same depths as seemingly fresh craters. Kenkmann
et al. (2013) indicates that fresh simple craters have a depth–
diameter ratio of �0.2 (a range of 0.14–0.28 is cited). The crater
depth–diameter data (Fig. 5) was measured for regions that include
both HP and BF surfaces. Crater diameters and depths were mea-
sured using co-registered HiRISE and HiRISE-derived DEM data.
From the data, craters smaller than 10–15 m in diameter exhibit a
wide range of depths from deep to very shallow and presumably
nearly completely filled, consistent with the expectation that small
craters will be more rapidly eroded. A crater 15 m in diameter will
be erased by erosion of 1.5–3 m. Craters greater than 15 m in
diameter converge to an average depth diameter ratio less than
0.1, suggesting either a shallower original depth, the presence of
substantial fill, or simply the absence of really fresh craters greater



Fig. 2. Context images. (A) HRSC image (orbit number #5273) of the overall landing site area with Peace Vallis visible on the top left corner. (B) HiRISE images
PSP_010639_1755_RED and PSP_009571_1755_RED of the landing area south of the Peace Vallis fan containing the location of the landing site and areas for Figs. 4 and 7.

Fig. 3. Location of craters identified and measured for depth and diameter from
HiRISE images of the area near the landing site of MSL and MSL operations during
the first 360 Sols. Red star denotes the landing site. Image: NASA/JPL-Caltech/
University of Arizona, PSP_010639_1755. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Plot of cumulative impact crater abundance versus diameter for the
Hummocky Plains and Bright Fractured (BF) Unit for craters identified in Fig. 3.
Two different crater production curves are shown as discussed in the text. At
diameters less than �10–15 m the down turn in cumulative craters may reflect a
combination of crater degradation and production that may reflect a steady state
crater population.
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than 15 m in diameter in the small sampled area because they form
less frequently. One possible source of scatter in the depth diameter
data is enlargement of craters by erosion, but this is unlikely in the
areas investigated. As discussed in the following section, the crater
diameters are minimally affected as they degrade because the
dominant resurfacing processes seem to be aeolian infill and
erosion of the higher projecting portions of the crater rim, which
reduces the depth, but is unlikely to change the crater diameter sig-
nificantly for craters less than the 90 m diameter craters studied
here. Elsewhere on Mars, the steep interior walls of larger craters
that are not rapidly filled by sediments, such as Endurance Crater
at Meridiani Planum, Mars (Watters et al., 2011), can be eroded
by sand abrasion, with rim enlargement that results in a shallower
depth diameter ratio. On the Earth, rainfall is more effective at
eroding the steep interior slopes of even small craters leading to
crater rim enlargement (Kumar et al., 2010).
Compared to the well-known slope of the crater production
function (Hartmann and Neukum, 2001), the crater size frequency
distributions for the data turn over for crater sizes less than
�10–15 m, which is consistent with slow, steady removal of
smaller craters. The resurfacing rate (i.e., removing craters by
erosion of rims and infilling of interiors) must be greater than
3–5 m over several billion years, in order to remove many of the
craters less than 10–15 m in diameter in the time interval since
the last episodes of fluvial activity in Gale (Grant et al., 2014).
The origin of the slightly lower value of the cumulative crater
abundances for the BF as opposed to the HP (Fig. 4) is unknown,
but could be due to a slightly more recent exhumation of the BF,
or more rapid erosion of craters in the BF.
5. Small craters and impact effects

The area traversed by the MSL rover Curiosity during the first
year of operation (Fig. 6) contains numerous impact craters
ranging in diameter from over 100 m, down to as small as 0.6 m.
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The criteria for identification of the smallest craters are described
in the methods section. Curiosity’s traverse includes several
geomorphic regions (Fig. 7) with distinct impact crater signatures,
Fig. 6. MastCam crater reference map. Rover traverse path and rover stops by Sol number
Rover landed is located on Hummocky Unit material (Fig. 7). The Glenelg area was the
imaged by MastCam. Several of the freshest craters included mappable ejecta blankets,
including the Hummocky Plains (HP) unit, the Glenelg Member,
which is a slope partly covered in regolith traversed after Sol 50
on the way down to the contact with the Bright Fractured (BF) unit
of Yellowknife Bay, and a low albedo, Cratered Surface (CS)
(Grotzinger et al., 2013). The most aerially extensive region visited
during the first year is the HP unit, which contains many distinct
crater forms. The BF unit of Yellowknife Bay has the lowest
abundance of craters. The CS preserves the highest concentration
of craters, but was not visited by Curiosity. By contrast, the slope
down to Yellowknife Bay traversed by the rover has a somewhat
larger local concentration of overlapping crater forms (Fig. 7).
The variable concentrations of craters on different units could be
due to stochastic variations in the impact locations, variable rates
of deposition of the sediments and variable rates of later erosion
and exhumation. Variable abundances and distributions of
secondary craters could also explain some of the differences in
the crater distributions in Figs. 6 and 7. As seen around Zunil crater
secondary craters are distinctive asymmetrical in shape with sharp
rims and bright ejecta and rays (McEwen et al., 2005). However,
the craters observed from Curiosity are relatively circular, and
are probably not secondaries, but this possibility cannot be ruled
out for all craters.

Several examples of craters that are located near the rover
traverse, which were imaged with the Mast Cameras (Fig. 8) are
described here. Crater 1 (Fig. 8A) is located near the landing zone
on Bradbury Rise (see Figs. 6 and 7 for location). It is a small
degraded crater with a diameter of 3.4 m. The crater rim is lined
with angular to subangular clasts ranging in size from 1.0 to
8.0 cm. The central portion of the crater interior is lacking the
larger clasts seen outside the crater, but the finer-grain portion
seems otherwise similar to the material outside the crater in the
up to Sol 363 are plotted on a HiRISE image base. The Bradbury Rise area where the
first destination for the Rover. This map labels four areas with one or two craters
rims and floors. Image: NASA/JPL-Caltech/University of Arizona.
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image. Accumulation of fine-grained drift material or dust deposits
is not evident, presumably because of the shallow nature of the
feature. Crater 2 (Fig. 8B), located on the edge of the Hummocky
terrain, was originally imaged by MastCam on Sol 54 as a possible
candidate for scooping and contact science. The crater is 20 m in
diameter and is generally less degraded than Crater 1. The rim of
Crater 2 is lined with large clasts ranging from 0.1 to 1.0 m in size.
The clasts are heterogeneous and appear to originate from two
different types of parent rock. The clasts toward the east (far side
of Fig. 8B) are light toned and layered, whereas the clasts toward
the west (near side of Fig. 8B) are dark toned and not layered.
The floor of the crater is filled with fine-grained regolith inter-
spersed with a few small blocks up to �8 cm across. Crater 3
(Fig. 8C) is located in the hummocky unit further to the west
(see Fig. 7 for context) and imaged with Left and Right MastCam
on Sol 351. This crater is circular in stereo HiRISE images (e.g.
ESP_028335_1755_ESP_028269_1755/
ESP_028335_1755_ESP_028269_1755_RED), and is deeper and less
filled-in than Craters 1 and 2, based on qualitative evaluation of
stereo Navcam imagery. The crater rim is lined with loose blocks
(not outcrops of bedrock) ranging from 0.1 to 0.75 m in size, with
the characteristic variable clast size texture of conglomerate
(Figs. 8C and 9B). A few smaller light-toned fine-grained blocks
are present on the near rim on the right side. The interior of the
crater is filled with regolith that lacks the abundant variable size
clasts of the regolith outside of the crater, and includes some out-
crops or blocks of conglomerate (Fig. 9B). The two craters 4 and 5
(imaged on Sol 364, Fig. 8D) are located further southwest on the
traverse from Crater 3. Craters 4 and 5 are the deepest of the five
craters, and based on Fig. 8D the inside of the crater on the left
side and the central crater floor are filled with a fine-grain regolith
similar in appearance to the surfaces external to the crater, but
without any larger clasts. The right side of the crater interior and
part of the floor appear to contain numerous larger clasts of differ-
ent sizes. The craters are less circular with Crater 4 having a 70%
ratio of the short diameter of the long diameter, but the craters
are located on the side of a low rise. The rim of the closer Crater
4 is lined with large blocks ranging from 0.1 to 0.25 m in size
(Fig. 8D). Almost all of the rim clasts have the texture of conglom-
erates (Fig. 8D). The interior of the northeast rim appears covered
with a fine layer of dust that could be associated with modern
aeolian processes.

Ongoing degradation of small craters along Curiosity’s traverse
primarily reflects aeolian activity. The freshest (and possibly
youngest) craters have blocky rims and have deposits of bright
fine-grained aeolian materials on their relatively deeper floors. With
increasing degradation, the craters seem to experience removal of
the rim blocks, presumably due to aeolian processes. When sand
is mobilized it can also locally abrade rocks and ventifacts are
common (Bridges et al., 2014). The role of abrasion on protruding
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Fig. 8. Craters outlined with dashed lines near MSL’s path (see Fig. 8 for location). (A) Crater 1 diameter is 3.4 m. Mastcam images 0021MR0000260100100527E01 and
0021MR0000260110100528E01, Sol 21, portion of mcam00026. (B) Crater 2 diameter is 20 m. Image looking East. Mastcam image portion of M100 mosaic mcam00248, Sol
54. (C) Crater 3 diameter is 16 m, portion of 0351ML0014280000108355E01, mcam01428 Sol 351. (D) Image of two craters, crater 4 in the foreground is 4.7 m in diameter
and Crater 5 in the background is 4.7 m in diameter. Portion of 0364ML0014810320108590E01 and 0364ML0014810330108591E01, Sol 364. Images: NASA/JPL-Caltech/
MSSS.
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or vertical surface to cause abrasion and produce ventifacts is dis-
cussed in Laity and Bridges (2013) and is akin to sandblasting. The
effect depends on the presence of sand, as areas with only dust do
not have ventifacts. Saltating sand has a prominent kinetic energy
that peaks at a maximum a few 10s of centimeters above the sur-
face, from the combination of particle concentration and the kinetic
energy of individual particles. The current form of the most
degraded craters is therefore due to enhanced removal of the crater
rims and infilling of the depression (e.g., Fig. 9A). Some degraded
craters appear to retain remnants of layered infilling deposits of
uncertain origin (Williams et al., 2013), which are currently under-
going aeolian excavation accompanied by trapping of windblown
sediment in protected lows. The presence of bright dust in some
deeper craters along the traverse suggests the process mobilizing
the regolith is currently inactive. Large clasts on the floors of some
craters, such as the prominent light toned blocks in and on the
rim of Craters 4 and 5 could reflect addition of materials from prox-
imal or distal ejecta (Fig. 9D). Wind can also modify the shape of
small craters, with the downwind rim experiencing preferential
erosion (Kuzmin et al., 2001), but this effect is not observed to be
prevalent at the location of the Curiosity traverse.
A major effect of the small impacts observed during the first
360 Sols is the excavation and displacement of large blocks of bed-
rock, commonly exposed on rims of the craters as described above.
These materials are bedrock clasts that have been fractured and
faulted on local scales which can be termed autochthonous impac-
tites (Grieve and Therriault, 2013). In terrestrial craters the degree
of brittle deformation increases as the crater rim is approached
(Grieve and Therriault, 2013). In addition to the blocks associated
with craters, numerous blocks of bedrock materials were observed
whose tabular aspect ratios and tilted bedding surfaces estimated
from stereo images are possibly consistent with an origin by
impact, even though they are not associated with an extant crater.
Examples of the isolated tilted blocks of conglomerates include the
Little Bird sample (Fig. 9D), and the rocks named Link (Fig. 9E), and
Hottah (Fig. 9F) (Williams et al., 2013). The similarity of these
blocks to the local bedrock suggests a local origin, as opposed to
other blocks of apparent igneous origin discussed below. These
examples all show non-horizontal dips, in contrast to the generally
horizontal dips of beds at the landing site and in the Glenelg and
Gillespie deposits closer to Yellowknife Bay. Because in-place bed-
ding adjacent to the blocks is not visible for these examples, a



Fig. 9. Bedrock materials possibly associated with cratering processes. (A) Image of upturned layered bedrock to angles 40–80� (Shaler facies) associated with a 20 m
diameter crater shown in Fig. 8B. Portion of Mastcam 0054MR0002480090103042E01, Sol 54. Image 1.8 m wide. (B) Conglomerate blocks on the rim of a 16 m crater rim
tilted �20� away from the rover (Fig. 8C), portion of 0349ML0014210040108345E01, Sol 349. (C) Upturned conglomerate blocks along rim of a 4.7 m diameter crater. The
large original orientation of the large block cannot be determined, but the smaller flat block to the right is tilted 30�. Image width 1 m. (Fig. 8D), portion of
0365MR0014820070301453E01, Sol 363. Image width 0.6 m. (D) Little Bird River outcrop showing a slab of conglomerate dipping �20� that is not associated with a visible
crater. Image portion of 0358MR0014590010301306E01, Sol 358. (E) Conglomerate block dipping >50�, termed Link, not associated with a visible crater, portion of
0027MR0001290050100755E01, Sol 27. Image width 0.2 m. (F) Conglomerate outcrop block, called Hottah, dipping �20�, not associated with a visible crater, portion of
0039MR0001770070101226E01, Sol 39. Image width 0.2 m. Images: NASA/JPL-Caltech/MSSS.

.2 m

Fig. 10. Bedrock blocks showing an offset that could be due to impact effects.
Mastcam image 0053ML0002440190102239E01, Sol 53, scale bar 0.2 m. Image:
NASA/JPL-Caltech/MSSS.
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depositional origin for the tilt of the beds is also possible. Alterna-
tive origins by erosional displacement or faulting also cannot be
ruled out, but the examples described are not located near scarps
or obvious linear fracture zones.
A B

1 m 1 m

Fig. 11. A 0.6 m diameter crater on the rim of a larger crater. (A) Navcam frame from So
crater from the same frame. (C) Vertical projection with north up, showing the circular
Another type of bedrock disruption (or fracturing), probably
due to impacts is represented by the set of offset blocks of fine-
grain sandstone observed on Sol 53 (Fig. 10). Alternative explana-
tions in addition to erosional displacement for this disruption
could include mass movements associated with basement related
faults or large scale mass movements originating in Mt. Sharp or
the crater rim, but these explanations seem very unlikely for this
particular outcrop given the embedded nature of the outcrop.
The potential role of ice and periglacial effects cannot be ruled
out (Fairén et al., 2014), but these processes are probably more rel-
evant to the origin of some types of surficial breccias with angular
clasts (see below). At present, no evidence of mass wasting events
has been proposed for this portion of Gale, but such events might
have been possible earlier, especially before the lower flanks of
Mt. Sharp became more eroded.

A search for very small craters less than 2 m in diameter was
conducted, but the irregular surface of the HP unit in particular
makes identification of these craters from the vantage point of
the rover difficult unless they are in close proximity. The
smallest crater identified in the rover images, at 0.6 m diameter,
and less than 0.1 m deep is illustrated in Fig. 11. Another
example of a small crater 1.2 m diameter and �0.2 m deep,
close to the Rover was seen on Sol 494 in NavCam images
(NLB_441350284RASLF0250000NCAM00250M1). The size of cra-
ters on the surface, particularly at the smaller diameters, is
C

   1 m

l 338, NLB_427502017RAS_F0080610NCAM05114M1. (B) Enlargement of the small
expression of this small crater. Images: NASA/JPL-Caltech.



Sol 22 Images 2 meters

Fig. 12. Example of a map projected Navcam mosaic image from Sol 22. The
locations of six rocks larger than 20 cm are indicated by arrows. The radial light
‘‘shadow’’ extending from the rock locations represents the projected map area
hidden by the rocks.
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modulated by the atmosphere, and theoretical calculations suggest
there should be a cutoff at a diameter of �20 cm (0.2 m) (Vasavada
et al., 1993; Williams et al., 2012). However, extensive surveys of
the MER images (Paige et al., 2007) do not reveal candidate hyper-
velocity craters at centimeter scales. Our more limited observations
of an area �3800 m2 (roughly the area of a football or soccer field)
do not reveal relatively fresh candidate craters smaller than�0.6 m
in Gale crater (Fig. 12), so our more limited data set is consistent
with the MER results. Oblique craters less than �1 m in diameter
are unlikely to occur, because atmospheric slowing of a small
oblique impactor will dramatically reduce the velocity and energy
of the particle and also lead to a vertical impact. On the lunar Maria
continuous exposure to impacts has resulted in an impact-gener-
ated regolith that can be several meters thick (McKay et al.,
1991). The absence of a thick regolith seen by Curiosity is related
to the absence of small craters and is therefore consistent with
the long term presence of an atmosphere, and perhaps also to the
ongoing aeolian exhumation of the surface under investigation by
Curiosity.
6. Crater degradation and resurfacing rates at Gale crater

At Gale, the history of the most recent alluvial materials starts
with the counts on Aeolis Palus (the floor or moat of Gale) of cra-
ters >400 m in diameter, which gives an age of 3.2–3.3 Ga (Grant
et al., 2014). Impact craters have a depth of �0.2 times their diam-
eter (Kenkmann et al., 2013), and the counts of large craters sug-
gest that a maximum of 20–40 m of erosion or burial occurred
since 3.2–3.3 Ga, otherwise the number of large craters would be
lower. Another detail from the investigation of larger craters by
Grant et al. (2014) of the upper Peace Vallis fan (not visited by
Curiosity), is the evidence for late burial by an additional 10–
20 m of presumably alluvial materials, with a subsequent 5 m of
erosion. In contrast the BF unit visited by Curiosity in the Yellow-
knife Bay area does not show evidence of a late burial. The low
slope of the crater size–frequency distribution (Grant et al., 2014)
suggests more continuous erosion since deposition with the same
constraint of a maximum of 20–40 m of erosion since 3.2–3.3 Ga.
The crater counts are consistent with the geological evidence of
Palucis et al. (2014) for on-going exhumation of the BF unit.

The mechanisms of resurfacing may be somewhat different for
the two different areas visited by Curiosity. Unfortunately, no
craters were examined by Curiosity in the BF unit up close, and
the cumulative area observed within 25 m of the rover was limited.
In contrast to the HP unit, strata of the BF unit appear to lack the
availability of erosionally resistant bedrock blocks that commonly
form a resistant lag or ring of blocks on the crater rims as seen on
the HP unit (Fig. 9). Therefore, on the BF mudstones, the loose
sediment making up the crater rims of small (<10–15 m diameter)
craters is easily removed by aeolian erosion, greatly reducing
the visual evidence for the craters compared to similar craters on
the HP.

On the Hummocky Plains unit, near and to the west of Bradbury
Landing (Calef et al., 2013; Sumner et al., 2013), blocks of conglom-
erates and sandstone of likely alluvial origin are present (Williams
et al., 2013). Large blocks are especially abundant around craters,
although processes that could result in the presence of loose blocks
on the surface include fault displacement, including movement
along listric and normal faults formed as part of the crater terrace
formation, landslides (observed on the slopes of Mt. Sharp, but not
adjacent to the area of the Mars Science Laboratory), and under-
mining of resistant ledges by erosion (many examples along the
traverse). In the absence of observable faults, lobes of landslide
or debris flow material and nearby erosional scarps, impact pro-
cesses are the most likely sources for the observed blocks. Impacts
into the resistant sandstone and conglomerate bedrock on the HP
results in the common presence of rocky rings on the rims that
are harder to erase than craters of the BF in Yellowknife Bay, at
least when viewed from the rover perspective.

Under the influence of erosional processes, the predominant
conglomerates and sandstones of the HP unit behave differently
from the mudstones and sandstones of the BF unit visited in
Yellowknife Bay. On the Hummocky Plains, removal of craters by
rim erosion and infill is suggested by the observations from the
Curiosity rover described above (Figs. 8 and 9). The removal by
abrasion of the blocks found on crater rims is governed by the
aeolian processes discussed at length by Bridges et al. (2014),
which leads initially to the formation of ventifacts. Therefore, on
the HP unit, the resurfacing rate consists of multiple processes,
including enhanced aeolian erosion of crater rim material and
projecting blocks, erosion on the floors of valleys that concentrate
mobile sand deposits, and aeolian deposition in craters and swales.
Additional variations in degradation are related to topography and
prevailing wind directions that may affect the location of enhanced
erosion on crater rims, ledges, and deposition of material within
craters, valleys and depressions. The effects of later impacts can
include destruction of earlier craters, and deposition of ejecta on
top of earlier craters, but the low abundance and spatial distribu-
tion of craters less than 10–15 m diameter, suggests this process
is of negligible importance in this setting. Even in cases where
small impacts not identifiable from orbit have occurred on the
HP, their identification from the rover can be difficult beyond
5–10 m from the rover, although the irregular surface may retain
evidence of their disruptive effects (e.g. Fig. 9D).

Combined observations from orbit and from Curiosity constrain
the resurfacing rates at Gale crater. These rates should be faster
than the rates observed on the Moon, where resurfacing rates
due to impact cratering range from 0.2 to 0.5 mm/Myr (Craddock
and Howard, 2000; Fassett, 2013). Even assuming an increase on
Mars by approximately a factor of 2.6, due to the proximity of
the asteroid belt, impact resurfacing rates alone would only be
0.5–1.3 mm Myr�1, and this rate is still probably too large because
it includes the effects of the smallest projectiles which are filtered
by the martian atmosphere (Soderblom, 1970). This rate is clearly a
lower limit for Mars, as the resurfacing rate is dominated by
aeolian deposition and erosion.

The dominance of aeolian erosional processes is consistent with
the geomorphology of the areas imaged by the rover and studies
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elsewhere on Mars, including the presence of abundant ventifacts
(Bridges et al., 2012; 2014; Bridges and Laity, 2013). An analysis
of the topography of the Peace Vallis Fan (Palucis et al., 2014),
suggests substantial deflation, based on the presence of inverted
channels, and erosional scarps. This analysis shows that 80% of
the lower Peace Vallis fan, containing the BF unit, is eroded by less
than 5 m. Although there are areas in the lower fan deflated by
more than 5 m, most of the area used for crater counts by Grant
et al. (2014) represent areas with less than 5 m of erosion. The
BF unit exhibits slightly lower crater abundances for craters
>15 m diameter than the HP unit (Fig. 4), suggesting that this unit
has had less time to accumulate small craters due to more recent
exhumation, and/or the possibility that craters may be more easily
erased by erosion in the BF unit (Palucis et al., 2014). Based on an
age of 3.2–3.3 Ga for the sediments, and an estimated maximum
burial depth of 20–40 m for the surface of Yellowknife Bay
(including the missing 5 m), an average erosion rate on the order
of �8–14 mm/Myr is required to get down to the current surface.
This erosion rate from Gale is consistent with the range of rates
(1–30 mm/Myr), estimated by Golombek et al. (2006a,b, 2014)
including rates from the last 100 Myr, and the rates averaged over
the last 3 Ga, derived from multiple sources and landing sites and
is representative of the Hesperian and Amazonian on Mars.

Constraints on more recent erosion rates can come from the
78 Myr cosmogenic nuclide exposure age results from Farley et al.
(2013) on a sample derived from the Cumberland Drill site.
Cosmic-ray-produced 3He, 21Ne, and 36Ar yield concordant surface
exposure ages of 78 ± 30 Ma. Based on this data, the mudstone is
considered to have been rapidly exhumed from approximately
2–3 m depth to the surface �78 Myr ago. Farley et al. (2013),
ascribes this to retreat of a scarp that is now about 60 m from the
drill site. Converting this age to a vertical erosion rate, assuming a
scarp retreat model, involves an assumption about the fraction of
exposed bedrock older and younger than 78 Myr. Assuming that
the young surface area exposed in the last 78 Myr is 10% of the total
area of the lower Peace Vallis fan, then the average exposure age of
the upper 2–3 m of the surface is 390 Myr. (Note that the crater
retention age of the sediments can be much older.) Therefore,
assuming 2.5 m of erosion in that time period a rate of 6 mm/Myr
is obtained. This result is reasonable from a geological point of view
given the proximity of the Cumberland sampling site to the scarps
around the edge of Yellowknife Bay. This value is highly uncertain
(factor of 10) given the uncertainty on the age, the unknown actual
depth of erosion, and the unknown fraction of the area older than
78 Myr. However, the rate is plausibly similar to the maximum
average rate of 8–14 mm/Myr determined above for erosion of
�40 m of sediment since 3.2 Ga.
7. Comparison to Mars Exploration Rover mission craters

The MER missions examined numerous small impact craters
(Grant et al., 2006a; Golombek et al., 2006a,b) with results relevant
to craters observed by Curiosity, including the recognition of the
substantial control of crater excavation by the fractures in the
basement that penetrate the bedrock (Watters et al., 2011). In
the case of the 150 m diameter Endurance Crater on Meridiani
Planum, the presence of orthogonally oriented basement fractures
led to highly asymmetric excavation, with limited subsequent
modification by erosion (Watters et al., 2011). Structural control
of the craters observed in the area near the Curiosity traverse
(e.g. Fig. 7) cannot be confirmed although these craters are also
commonly irregular in shape. However, the craters examined
during the rover traverse are smaller than Endurance, and the
effects of aeolian erosion and deposition have had a greater effect
on the shape of their rims, ejecta blankets, and fill.
As summarized from Grant et al. (2006a) impacts into the basal-
tic plains of Gusev crater create shallow craters and ejecta com-
prised of resistant rocks, such as the rock Mazatzal (Squyres
et al., 2004). Initial aeolian stripping of ejecta quickly becomes
weathering-limited as lags develop and most available sediments
become redistributed and trapped within craters. Due to the flat
topography, aeolian modification is accompanied by only minor
mass wasting, and there is no evidence for modification of crater
forms by water. By contrast, the variable slopes, target lithologies
and availability of mobile surficial deposits in the Columbia Hills
within Gusev crater lead to less uniform degradation rates from
crater to crater and within craters.

At Meridiani, relatively low strength rocks forming crater rims,
exposed walls, and ejecta are more rapidly stripped by the wind,
while lower, more protected crater interiors are increasingly in-
filled and buried by mostly basaltic sediments and more resistant
fragments (e.g., hematite spherules) (Grant et al., 2006b). Aeolian
processes outpace any early mass wasting of crater walls, which
typically leads to meters of erosion (locally) and wholesale mantling
that likely account for complete removal/burial of some craters. As
at Gusev, many larger craters in Meridiani experienced greater net
degradation than smaller craters, but still display a less degraded
form due to the larger scale of the primary impact features.

Overall, the range in degraded crater forms within Gale exceeds
that of either Gusev crater or Meridiani Planum. Such variation is
not unexpected given the broader range in impact lithologies, local
topographic setting, and history of geomorphic activity that may
have included alluvial infilling. Hence, it can be more difficult to
identify the form of individual craters within a degradational spec-
trum related to age. As noted above, craters formed in less resistant
materials, such as were encountered in Yellowknife Bay, or Merid-
iani, may be wholly removed by erosion over a geologically short
period of time, whereas craters formed in more resistant and/or
well-cemented targets can retain relatively pristine morphologies
over substantially longer geologic periods.
8. Isolated blocks on the Hummocky Terrain

During the rover traverse across the Hummocky Plains, isolated
blocks (>20 cm in length) that appear to be float not connected to
the local bedrock were observed. These rocks often have sloping
faces indicative of wind erosion, but are clearly more resistant than
the underlying materials. Many of these samples, at ranges of less
than 6 m from the front or sides of the rover were analyzed and
imaged by the ChemCam instrument as described below. To better
understand the areal abundance of these blocks, a survey was con-
ducted of the abundance of blocks (>20 cm in length) visible in the
regular and vertically projected NavCam mosaics (e.g. Fig. 12)
around the stops on the Hummocky Plains up to Sol 361 (Table 1).
Stereo NavCam images are a significant advantage in identifying
surficial blocks relative to single black and white NavCam images,
in which the blocks can often have the same brightness, contrast,
and texture as surrounding materials. The survey included blocks
to a maximum distance of about 18 m from the rover (see Section 2
for sources of images and methods). The surprising result of this
analysis was the relatively low abundance of these blocks, except
in the area of the slope down to Yellowknife Bay. Some increases
in the number of large nearby blocks occurred in the vicinity of
the ridges informally named Twin Cairns Hill, Elsie Mountain,
and Mealy Mountains, but only in one of these cases did the imme-
diate vicinity of the Rover contain as many as 16 large blocks. On
average, only �2.5 blocks per 100 m2, were present in the vicinity
of the rover at 24 locations. Excluding Sol 340, the number is �2
blocks per 100 m2. An area of 100 m2 is roughly the area in the
ChemCam targetable area around the rover.
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Most large blocks along the traverse (>20 cm) were avoided for
rover trafficability. Thus, most of the blocks analyzed from a
close distance by Mastcam and ChemCam during the traverse are
actually smaller than 20 cm. While these small rocks may include
samples of local derivation, many rocks display a dark surface,
rough texture, and wind borne dust abraded faces such as Jake_M,
Coronation, and Mara (Fig. 13A–C) (Bridges et al., 2014). Wind
abraded surfaces can reveal the texture of the rock interior in many
cases. The surfaces of the isolated blocks appear to include either
sedimentary or igneous textures.

Identification of sedimentary textures includes the presence of
layering and a fine-grain texture consistent with bedrock outcrops
Fig. 13. Float rocks observed on the surface by Curiosity. From (A–E), combination of Ma
Mastcam images of float rocks. Sol indicates the martian day (A) Jake Matijevic, portion
0003ML0000000760100096E01, Sol 3. (C) Coronation, portion of Mastcam 0003ML00000
346. (E) Watterson portion of Mastcam 0327ML0013290030107883E01, Sol 327. (F) B
portion of 0020ML0000570050100410C00, Sol 20. (H) Unnamed rock (left) and Stark (rig
sediment) and Kaniaspakau (top, conglomerate), portion of Mastcam 0335MR0013510
CNES/IRAP/IAS/LPGN/CNRS/LGLyon/Planet-Terre.
of sandstones observed at close range (e.g. Mangold et al., 2014;
Anderson et al., 2015), or a conglomeratic texture (e.g. Williams
et al., 2013). Conglomeratic outcrops have variable clast sizes,
shapes, and colors. The most definitive conglomerates observed
early in the mission are characterized by abundant pebbles
2–40 mm diameter, classified as subrounded or rounded
(Williams et al., 2013). Kasegalik (Fig. 13I top) is a layered rock
observed on Bradbury Rise lying next to the conglomerate
boulder, Kaniapiskau (Fig. 13I bottom). Bedrock outcrops of similar
lithologies occur along the rover traverse. ChemCam data show
that Kasegalik has the same composition as the top-most section
of the Yellowknife Bay sediments, namely Bathurst, and other float
stcam (left) and ChemCam/RMI close-ups on a series of float rocks. (F–I) Portions of
of Mastcam 0044ML0002040000102078E01, Sol 44. (B) Mara, portion of Mastcam

01140100134E01, Sol 3. (D) La Reine, portion of 0346ML0014050000108270E01, Sol
ull Arm, portion of 0349MR0014160000301161E01, Sol 349. (G) Unnamed rocks,
ht), portion of 0003ML0000000950100115E01, Sol 3. (I) Kasegalik (bottom, layered
000301054E01, Sol 335. Images: NASA/JPL-Caltech/MSSS, NASA/JPL-Caltech/LANL/
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similar in texture found close to Bathurst (Mangold et al., 2014).
How the blocks came to be in close proximity is unknown, but local
impact processes are a likely explanation.

Igneous textures were displayed by numerous blocks examined
by ChemCam on Bradbury Rise (Fig. 13A–E). The adjacent unnamed
rocks (Fig. 13G) observed along the traverse on Sol 20 are sitting on
a low rise, less than half the height of the blocks (based on stereo
imagery); the rise is possibly protected from erosion by the pres-
ence of the blocks. The pieces are clearly from one original rock,
based on the texture, and the original block may have been broken
in four pieces by ballistic impact, or simply been eroded into the
remnant blocks. Some of the blocks (Fig. 13F and G) display vesi-
cles or voids suggesting gas escape or dissolution. The difficulty
of determining the origin of the holes makes it premature to infer
a relationship to the tops of a lava flow. Although the rocks in
Fig. 13G were not analyzed by ChemCam, the light-toned rock on
Fig. 13H (to the right), named Stark, shows surprisingly high silicon
content indicating a felsic composition. ChemCam analyses of igne-
ous materials on the Hummocky Plains seem to generally reflect a
felsic composition (Williams et al., 2013; Meslin et al., 2013;
Sautter et al., 2014).

The first rock examined in detail by Curiosity, named Jake
Matijevic (Jake_M), has an igneous texture on the surface observed
at MAHLI scale, and an alkali-rich composition deduced from APXS
and ChemCam chemistry (Stolper et al., 2013). The rock Mara
(Fig. 13B) exhibits a coarse-grained texture typical of slowly-cooled
magmatic rocks, including dark millimeter-wide phenocrysts
typical of mafic phases (i.e., pyroxene or olivine), separated by
light-toned matrix likely dominated by feldspars (Sautter et al.,
2014). Coronation and La Reine (Fig. 13C and D) display similar
dark/light grain assemblage but with smaller grains (200–500
lm) still visible at RMI scale. Such texture is typical of high-level
intrusive (hypabyssal) magmatic rocks, such as diabase. Despite
these two rocks being separated by 300 m of terrain, their similarity
suggests a common source. In addition to a strictly igneous origin,
there is also the possibility that some of the rocks could represent
impact melts with porphyritic textures, glassy fine-grained melts,
and/or basement subjected to impact with accompanying pseudot-
achylyte veins (e.g., Spray, 2010). Finer igneous-like textures are
also observed in many other examples observed by the ChemCam
RMI (Sautter et al., 2014). Watterson (Fig. 13E) displays a total lack
of grains visible at RMI scale, and displays sharp edges and conchoi-
dal fracturing, suggesting a predominance of glass, such as for rocks
derived from quickly-cooled lava flows or impact melts. The lack of
flutes argues against an abrasion origin for the texture. Bull Arm
(Fig. 13F) is one of the larger dark rocks to be observed, showing
strong similarity in composition to Jake_M. Its division into two
Fig. 14. Portion of MastCam M100 mosaic (mcam01420) of an outcrop named Elsie
approximately one meter in width and are vuggy with coarse layering.
pieces may reflect either fracturing during ballistic impact, or ther-
mal cracking (c.f., Eppes et al., 2010).

An origin for the larger surface blocks (>20 cm) as proximal
ejecta from a nearby km – size crater can be ruled out due to the
lack of large local craters and low block abundance compared to
terrestrial analogs such as Lonar Crater, India (Newsom et al.,
2013a,b), or Gusev crater. At Gusev, Grant et al. (2006a) measured
the abundance of blocks >15 cm on the Gusev Plains and Husband
Hill from MER Spirit observations, and the abundance was much
greater than measured at Gale, ranging between 20 per 100 m2

on crater ejecta to 30–35 on the volcanic plains and on Husband
Hill, to just over 50 for counts along crater rims. The larger blocks
with igneous textures on the surface of the Hummocky Plains may
therefore represent a lag of distal ejecta from large craters, or a
remnant of a discontinuous ejecta deposit from impact craters out-
side of Gale crater. Many of these blocks appear to be crystalline
igneous rocks, like Jake_M, and are consistent with an origin as dis-
tal ejecta blocks, as none of the in-place bedrock observed so far is
conclusively determined to be igneous in nature. Additionally,
these larger blocks are distributed relatively uniformly across the
surface of Bradbury Rise, in contrast to clasts interpreted to be sed-
imentary in origin, which are more closely associated with bedrock
outcrops from which they might derive (Yingst et al., 2013).

If the isolated blocks identified above represent ballistically-
transported blocks, they could provide information regarding the
regional geology. Gale is located at the edge of the dichotomy
boundary, mainly in the Noachian highlands. It is, therefore, sur-
rounded by Noachian crustal terrains to the south, west, and east,
and younger volcanic plains to the north (Fig. 1). The closest sizable
crater is 4 km in diameter, and is located 15 km to the west of the
landing site on the floor of the crater and may have provided bal-
listically derived material that could potentially contain materials
from the floor of the impact crater, including impact melts and
reworked ancient crust (e.g. Schwenzer et al., 2012). Further from
the landing site, but within 3.5 crater diameters to the north east,
is a prominent 23 km diameter crater that may have provided
ejected material to Gale. This breadth of potential source material
is likely reflected in the textural and chemical diversity of materi-
als encountered by Curiosity. For example, the coarse-grained and
porphyritic textured rocks could be ancient Noachian crust and the
finer grained material could be volcanically derived material given
the proximity of the Elysium volcanic province a few hundred
kilometers to the north of the crater. The next closest large volcanic
province is Tyrrhena Patera, but this is 2000 km away.

One class of dark blocks (e.g. Fig. 14) of uncertain origin was
observed primarily at the top of the low ridges making up Twin
Cairns Hill, Elsie Mountain, Mealy Mountains, and Mt. Kennedy.
Mountain, taken on Sol 349. The rocks range in size from tens of centimeters to
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These ridges and mounds were observed beginning at Sol 345, and
extending beyond Sol 360. The ridges probably represent inverted
topography with capping blocks that are resistant to erosion. The
maximum size of the measured blocks on all of the ridges is
approximately one meter in most cases. The possible origin of
these rocks includes sediments, impact ejecta debris, or volcanic
material. However, analysis of similar rocks by ChemCam
(Sautter et al., 2014) indicates compositions related to Jake_M,
which could be consistent with an igneous protolith, although a
sedimentary origin cannot be ruled out. The very similar maximum
size of these blocks and their apparent location at one stratigraphic
horizon argues against an impact origin. Further investigation of
isolated blocks by Curiosity and comparison with the chemical
and spectroscopic properties of the nearby crust will be needed
to determine what classes of blocks are consistent with a local ori-
gin within Gale, or a distal origin.
9. Possible impactite materials observed by Curiosity

Impactite materials seem to be surprisingly uncommon in the
areas studied by Curiosity given the size of Gale crater and the
large number of superimposed craters. Impactite materials
include shocked minerals, impact melt, impact melt bearing
breccias, shatter textured rocks and shatter cones. For this study,
every Mastcam and RMI image of terrain within about 25 m of
the rover during the first 364 Sols has been examined for impact
materials. In general, the NavCam images are too low in
resolution for identification of impact-related materials. Even
the Mastcam images are also often too low in resolution due
to distance of the targets, image compression, and there
are operational and strategic constraints that usually prevent
use of a bump to approach all but the highest priority targets,
such as drill sites. Because the coverage of the MastCam (and
RMI) is very limited close to the rover, the area surveyed is
much less than the area examined for the large block survey
which utilized the 360� NavCam mosaics. Due to these
limitations, it is not surprising that the survey turned up very
few candidates, but the examples are illustrative of what can
be seen with the available data.

Possible examples of shatter cones and shatter-textured rocks
are seen in Fig. 15A and B. Conical striations in the sample in
Fig. 15A are reminiscent of shatter cones. Shatter cones are best
developed in fine-grained sedimentary rocks in terrestrial craters,
but are also found in fine-grained igneous or metamorphic base-
ment rocks commonly exposed in central uplifts (Ferrière and
Osinski, 2013). Shatter cones are distinguished by divergent stri-
ations that appear to penetrate the rock, in comparison with slic-
kensides with parallel striations, or ventifacts, where surficial
textures are caused by aeolian erosion (Ferrière and Osinski,
2013). Although well-developed shatter cones are very distinctive
visually, less developed shatter cones and shatter textured rocks
(rocks with subparallel lineations) are common at terrestrial cra-
ters but are mainly recognized due to their proximity to other
evidence of impact. Stereo imaging of candidate shatter cones
by the RMI or MAHLI cameras should be able to resolve the diag-
nostic features, but candidate samples have not yet been exam-
ined in this way. Fig. 15B shows an example of a rock with
striations that could be related to shock, but the image resolution
is not sufficient to confirm the nature of the striations, in partic-
ular to distinguish them from aeolian abrasion features. The lim-
ited number of candidates is not surprising, because shatter cones
are usually associated with bedrock from beneath the transient
cavity of relatively large craters, including the central uplift
(Ferrière and Osinski, 2013). Such materials would not be
expected in the locations visited by Curiosity unless transported
from the crater rim as distal ejecta. Fluvial transport would
expose the samples to substantial erosion destroying the subtle
textures.

Rocks that have been shocked, but not actually melted, repre-
sent another class of impact-related materials. Martian meteorites
are commonly shocked to high pressures (�30 GPa), at which point
compressible minerals like feldspar begin solid-state transforma-
tion to an amorphous state, leading to the formation of the pseudo-
mineral maskelynite, which was originally observed in the
Shergotty martian meteorites (Tschermak, 1872; Stolper and
McSween, 1979). The surface expression of shocked rocks can
include penetrative lineations called shatter texture, possibly rep-
resented by the sample shown in Fig. 15C. Basement rocks that
have been shocked commonly contain veins of impact melt or
hydrothermal alteration phases which potentially result from
impact hydrothermal processes or impact melt injection of bed-
rock lithologies. A possible example is seen in Fig. 15E. However,
the light toned lathes in the sample are more likely feldspar grains,
being similar in grain size (1–2 mm wide by up to 10 mm in
length), as those seen in much more detail in the rock Harrison
observed on Sol 514 later in the mission (http://solarsystem.nasa.
gov/multimedia/display.cfm?Category=Planets&IM_ID=18767).
Shocked rocks can also exhibit vesicular textures if they reach a
state of partial melting. Such shocked rocks often weather hetero-
geneously, as suggested by the Little Wind River sample (Fig. 15E).
Only fragments from one candidate Fe-rich meteorite have been
identified in images from Curiosity to date (Sol 637, images 0637
MR0027090010401814E01 and 0637MR0027090040401817E01),
although several meteorites have been identified by the MER
rovers (Schröder et al., 2008).

Crystalline rocks shocked to even higher pressures (50–60 GPa)
can produce impact melts. Impact melts from crystallized coherent
sheets can often look like porphyritic igneous rocks (Therriault
et al., 2002; Spray et al., 2010), making image identification diffi-
cult. Distinguishing such materials from igneous rocks is probably
not possible with the payload of Curiosity. Impact melts that have
not recrystallized often contain ropy-textured materials similar to
lava flows or pyroclasts (cf. Newsom et al., 2013a,b). Candidate
examples are shown in Fig. 15F–H.

Impact melt-bearing breccias are likely to be present in the
ejecta blankets of craters on Mars, but their identification
requires confirmation of the presence of glass (and possibly nickel
from an impactor). Impact melt-bearing breccias are often called
‘‘suevite’’, after their occurrence at the Ries impact structure in
Germany. However, as discussed by Grieve and Therriault
(2013): ‘‘The current literature record and the use of the term
‘suevite’ are inconsistent and somewhat confusing. Until there is
a better understanding, it may be best that the term suevite be
reserved for the original occurrences at the Ries. Other occur-
rences should be referred to more generically as melt – bearing
breccias.’’

Many examples of clastic breccia have been observed, begin-
ning with the Goulburn deposits exposed at the landing site. The
presence of rounded clasts in most of these deposits suggests
that they are actually conglomerates of fluvial origin such as
Link and Hottah (Williams et al., 2013). However, there are
examples of other breccias (e.g., Fig. 15I and J), containing a
combination of large, angular clasts and a wide range in clast
sizes, that may provide the best candidates for impact ejecta,
although such associations do not uniquely discount hydraulic
transport (Whiting et al., 1988). On the lunar Maria, continuous
exposure to impacts has resulted in an impact-generated regolith
that can be several meters thick (McKay et al., 1991). The
absence of a thick regolith in Gale is consistent with the burial
and relatively recent exhumation of the bedrock under investiga-
tion by Curiosity.

http://solarsystem.nasa.gov/multimedia/display.cfm?Category=Planets%26IM_ID=18767
http://solarsystem.nasa.gov/multimedia/display.cfm?Category=Planets%26IM_ID=18767


Fig. 15. Candidate impact materials observed by the Curiosity rover. (A) Possible shatter cone showing multiply oriented, striated surfaces that appear to penetrate the rocks
(e.g., arrows), which are not generally observed in ventifacts, although the samples lack the most distinctive horse-tail textures of well-developed shatter cones, these might
be present on the front face of the rock; Mastcam image 0044ML0001990000102057E01, Sol 44; scale bar is 10 cm. (B) Striated rock (location between arrows) possibly
indicating shock pressures indicative of poorly developed shatter cones; Mastcam image 0053ML0002440220102242E01, Sol 53; scale bar is 2.5 cm. (C) Block disturbed by
the rover wheel that is covered with coarse lineations. This texture could potentially be a type of shatter texture, but is more likely an abraded sedimentary surface; Mastcam
0030MR0001350010100768E01, Sol 30; scale bar is 5 cm. (D) Rock with possible veins (arrows), or more likely feldspathic laths as seen in more detail later in the mission on
Sol 566; Mastcam image 0339MR0013760010301082E01, Sol 339; scale bar is 2.5 cm. (E) Strongly shattered exposure rock potentially related to shock fracturing; Mastcam
image 0358MR0014580000301305E01, Sol 358; scale bar is 5 cm. (F–H) Ropy textured materials potentially representing basaltic impact melt, or primary lava flows;
Mastcam images 0036MR0001480010100832E01, Sol 36; 0050MR0002290580102823E01, Sol 50; and 0359ML0014650000108540E01, Sol 359, respectively; scale bar is
5 cm in all 3 images. (I) Possible impact breccia; alternatively, this breccia could represent a clast of cemented duricrust or a conglomerate; Mastcam image
0358MR0014600000301307E01, Sol 358; scale bar is 5 cm. (J) Possible impact breccia or conglomerate containing a wide variety of clast shapes and sizes. Note partly
rounded clast indicated with arrow �4 cm in diameter; portion of Mastcam mosaic mcam01451 (Sol 356); scale bar is 5 cm.
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10. Spherules, tektites and lapilli

Impact processes can additionally produce small spherical par-
ticles of glass resulting from impact-generated melts. The term
‘tektite’ generally refers to melt particles found at great distance
from their source craters, usually implying ballistic transport out
of the atmosphere. Similarly, lapilli, associated with proximal
ejecta, consist of concentric layers of ash and glass that often
adhere to cores of shocked or partially melted rock fragments or
melt spherules.
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In terrestrial settings, impact spherules and tektites are com-
monly diagnosed via their distribution in discrete layers, high
sphericity, and their association with other fluidal shapes (Glass,
1990; McCall, 2001). Analysis in thin section shows distinctive
internal textures (for example quench textures, internal vesicles,
and secondary mineral growth that nucleates at the spherule mar-
gin (Simonson et al., 2004); see also Type 1 (microtektite) and Type
2 (microkrystite) spherules [Smit, 1999; Smit et al., 1992]). The
chemistry can also be distinctive including low water content, ele-
vated Fe2+ in glass, and elevated PGE concentrations (Glass, 2002).
Unfortunately most of these characteristics cannot be observed by
instruments on Curiosity due to the small size of the spherules.
Impact spheroids are the form that can most reliably be identified
by their shape and surface texture (Yingst et al., 2013; Minitti et al.,
2013). Within Gale crater stratigraphy, no discrete horizons of
spherules have yet been identified. Rather, candidate impact
spherules occur prominently within disturbed soils, such as those
found during investigation of the Rocknest wind drift (Blake
et al., 2013; Minitti et al., 2013). Such distribution likely reflects
a combination of the relatively patchy outcropping along the sur-
face of Bradbury Rise, a relatively thin stratigraphic succession
within Yellowknife Bay (<7 m; Stack et al. (2013a)), and ubiquitous
Fig. 16. MAHLI images of candidate impact spherules that appear highly spherical and m
every particle identified is of an impact origin. (A) Candidate spherules (arrows) are 1.32–
that often armors the substrate (Minitti et al., 2013). A coating of dust obscures the charac
inferred from shadowing. Detail of image 0291MH0190001000C0. (B) Abundant candida
tracks at the Rocknest sand shadow, including ovoid splash forms (black arrow), and a sin
as is observed in armored lapilli (white box). Detail of image 0058MH0032000005R0. (C)
in diameter. Detail of image 0058MH0032000020R0. (D) Candidate spherules (white arrow
within a scoop location at the Rocknest sand shadow. Detail of image 0067MH0079000
375 lm in diameter; (F) slightly ovoid, reflective grain; 280 lm long dimension; (G) high
from sieved sediment deposited on Curiosity’s observation tray; 106 lm in diameter, from
500 lm in E–H.
dust coverage (commonly clumped into 60–120 lm aggregates;
cf., Sullivan et al. (2008) that obscures the shape and surface
texture of sand-sized grains. The candidate impact spherules range
in size from �100 to 900 lm. Thus the smallest ones can be segre-
gated onto ripples and be preserved in sand shadows like Rocknest.

Where disturbed, soils comprise a variety of fine sand- to silt-
sized (<150 lm) gray, red, and orange–brown lithic fragments;
only the larger size fractions are resolvable in MAHLI images
(Minitti et al., 2013). Similarly, coarser sand-sized particles
comprise a variety of dark gray to gray-white, well-rounded grains,
but distinctly not spherical. Within the coarser size material,
candidate impact spherules are most readily identified (Fig. 16)
by their sphericity and highly uniform surface smoothness, even
when sub-spheroidal. In addition, all candidate spherules retain a
distinctly glassy, highly reflective surface with a low surface
roughness that leads to the preferential loss of dust coating
during disturbance. An alternative origin by dust abrasion for the
reflective spherical surfaces seems highly unlikely, for particles
embedded in the regolith.

Spherules comprise at least 2% of the coarse-grained fraction of
surface veneers, and also occur sporadically as coarse constituents
within the fine-grained fraction of aeolian accumulations (Minitti
ay have a glassy surface. These characteristics, while suggestive, are not proof that
1.65 mm in diameter, consistent with average grain size of coarse-grained sediment
teristic reflectivity of the candidate spherules, although high sphericity can often be
te spherules from 250 to 700 lm in diameter. (white arrows) atop Curiosity wheel

gle, highly spherical grain that displays substantially greater surface roughness, such
Candidate spherules (white arrows) within wheel scuff, ranging from 225 to 780 lm

s) and a possible ellipsoid (black arrow) that range from 200 to 624 lm in diameter
007R0. (E–H) Details of spherule morphology: (E) highly spherical, reflective grain;
ly ovoid, reflective grain; 500 lm long dimension; (H) Smallest candidate spherule
image OO95MH013100100C0. Scale bars are 1 cm in A and B, 5 mm in C and D, and
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et al., 2013). The MAHLI O-tray investigation of sieved sediment
records a small population of possible impact spherules <100 lm
in diameter (Minitti et al., 2013). Candidate impact spherules range
in color from white to gray to black, but in all cases preserve a
highly reflective, glassy surface, suggesting little dissolution or
devitrification of the original glass. A few highly spherical grains,
however, occur that are considerably dustier than candidate spher-
ules, suggesting a higher surface roughness, or, potentially a lapilli
coating. Spherules also appear to be embedded in sandstone in
images of the Gillespie Lake member (Fig. 17).

Identifying the origin of highly spheroidal, yet non-reflective
grains is substantially more difficult; they could represent detrital
sedimentary grains, small concretions, or impact-related lapilli.
Production of highly spherical particles by fluvial activity, in con-
trast to surface tension in a melt, is unlikely due to the polyminer-
alic makeup of the rounded clasts as observed in ChemCam
observations (Meslin et al., 2013; Cousin et al., 2015). The paucity
of other fluidal morphologies, such as elongate dumbbells or tear-
drops, within the sand-sized fraction is surprising, but may very
well be associated with the differential behavior of non-spheroidal
grain morphologies during processes of aeolian grain transport
(i.e., saltation-induced creep; Jerolmack et al. (2006), Minitti
et al. (2013)). Lapilli, of impact or volcanic origin, are a distinct
possibility for the spheroidal ‘dustier’’ grains. Uniquely identifying
lapilli would require a polished section to see either multiple layers
(traditional lapilli) or a surface aggregate (armored lapilli). Melt
particles and lapilli are also formed in volcanic eruptions, so their
presence is not definitive evidence of an impact. However, at Gale
there is no evidence of a relatively recent nearby eruption that
would deposit such materials in the surficial regolith (Anderson
and Bell, 2010). The pristine appearance of candidate spherules
could also indicate a lack of water since their formation. Thus far,
probable impact spherules have been identified in disturbed soils
and drifts, as well as sediments, suggesting substantial remobiliza-
tion of distal ejecta at the surface of Mars.

Could the sub-spherical outcropping particles called concre-
tions (Fralick et al., 2012) be related to impact processes? Concre-
tions as observed at Meridiani by the Opportunity rover are
sub-spherical in shape, do not have the smooth surfaces of the
glassy looking particles described here at Gale, and are considered
most likely to be diagenetic in origin (Fralick et al., 2012). Particles
called concretions have also been observed as blebs outcropping in
A

B

Fig. 17. Possible in situ impact generated spherules within lithified rock in Yellowknife B
fine-grained, clay-rich strata of Yellowknife Bay; note a wide variety of coarse-grained
potential impact spherules, defined by their sphericity and their glassy, reflective surf
suggests a hardness greater than the surrounding grains. Dark gray spheroid is �440 lm
spherule; pale gray spheroid is �530 lm in diameter. Image 0132MH0163000010R0, w
the John Klein area (Sols 163–198) of the first drilling in Yellow-
knife Bay (Stack et al., 2013b), but these sub-spherical, rough sur-
faced particles are very different from the putative impact
spherules, and are not likely to be impactites.
11. Discussion

The formation of Gale crater in the late Noachian to early
Hesperian created the environment in which the materials investi-
gated by Curiosity were deposited and subsequently impacted cre-
ating a population of small craters in the areas investigated. The
small impact crater-forms (<150 m diameter) on the surface of
Bradbury Rise could be primary impact craters due to the impact
of meteorites, or secondary craters due to the impact of ejecta from
craters outside of Gale. No craters less than 0.6 m in diameter have
been observed, presumably due to atmospheric deceleration, but
also to resurfacing. Crater modification in the areas explored by
Curiosity can be explained by aeolian processes, with no evidence
of the effects of flowing water. The absence of meteorites associ-
ated with the craters is not surprising, as terrestrial experience
suggests that meteorites are usually embedded into the floors of
the craters and the small fragments would be hard to identify on
Mars. Secondary craters formed by ejecta from larger craters
should be asymmetrical due to oblique impact, and relatively shal-
low, but there is little evidence for the presence of these along the
rover traverse as the observed craters, however, are all generally
circular as seen in vertically projected images from the rover or
in HiRISE images.

Distal ejecta blocks, are likely to be represented among the float
rocks documented and analyzed by ChemCam on Bradbury Rise,
and they could, in part, represent a lag of erosion resistant
crystalline blocks from distal sources. Sources of materials from
the surrounding terrains can include materials north and south
of the dichotomy boundary, the exposures of Noachian crust in
the crater rim, and the sediments within Gale. In addition, the
presence of paleo-channels buried by Gale ejecta suggests that
early sediments may have also been present in the region. Possible
candidate craters that could be the source of blocks observed by
Curiosity are shown in Fig. 1B. The closest sizable crater is 4 km
in diameter, and is located 15 km to the west of the landing site.
Although this crater is not very fresh, it would have produced
C

B

C

ay. (A) Best-focus Mahli Z-stack of Gillespie Lake, a highly resistant bed that overlies
components within Gillespie Lake. White boxes denote images B and C. (B) Two

aces. Protrusion of these spheroidal features from the wind-abraded outcrop also
in diameter; medium gray spheroid is �375 lm in diameter. (C) Potential impact

ith a resolution of 31.2 lm/pixel. Scale bars are 1 cm in A, and 1 mm in B and C.
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substantial amounts of distal ejecta, impact spherules and impact
melts. Further from the landing site, but within 3.5 crater diame-
ters to the north east, is a prominent 23 km diameter crater, the
size of the Nördlinger Ries Crater in Germany, which is younger
than Gale, with a well preserved ejecta blanket. The MSL landing
site area was undoubtedly affected greatly by the distal deposits
from this crater and the associated blast effects. The crater is
probably too far for any significant morphological effects on the
basement at the landing site. However, it is completely unknown
when the crater formed relative to the age of the deposits visited
by Curiosity during the first 364 Sols.

Assuming the craters in the vicinity of Gale crater formed by
high velocity impacts, there should be substantial amounts of
materials produced by shock or melting (e.g. Schultz and
Mustard (2004), and Supplement). The search for impactites,
including shatter cones, shocked rocks, impact melts, spherules
and lapilli, which are common indicators of impact, has only
revealed a few possible examples. The smooth round spherules
observed in the Rocknest drift are the most convincing evidence
of materials probably associated with relatively recent impact
cratering events. The surface investigations by Curiosity provide
another opportunity to search for evidence for processes and mate-
rials related to impact that could be important on the surface. One
example includes the coupling of the atmosphere with incoming
bolides, as may have happened at Meteor Crater in Arizona that
led to the scattering of iron meteorite fragments across the area
(Melosh and Collins, 2005). The descending mass of hot vapor
due to disintegration of a bolide during entry into the atmosphere
can lead to an air burst that impacts the surface with substantial
kinetic energy and high temperatures, and even melt the surface
(Boslough and Crawford, 2008). On Mars, relatively small bolides
can produce airbursts that reach the surface (Boslough and
Crawford, 2008). However, layered impact melts from such a
process have not yet been identified, possibly due to the ongoing
erosion of the area.

Future remote sensing studies have the potential to identify the
presence of glass from impact melts, tektites and pyroclastics,
which could also allow for an improved search for these materials
with Curiosity. Interestingly, a recent laboratory study (Souchon
et al., 2011) has shown that natural granular surface samples
comprising fresh glass or monocrystals in a high proportion are
extremely forward-scattering with narrow scattering lobes. A
similar photometric behavior has been previously found for a
few ‘‘gray rock’’ samples using Pancam in situ data (Johnson
et al., 2006), as well as for very glassy lunar regolith simulants
(Johnson et al., 2008).

There is another phenomena, for which evidence might exist at
Gale, which is the effect of oblique impacts, like Hale crater, and
impact wind blast scouring from craters greater than 10 km in
diameter (Schultz and Wrobel, 2012; Schultz et al., 2013). This
phenomenon has been observed to form streaks around fresh
craters on Mars that can extend more than 500 km from the parent
crater, and may have distributed impact melt over wide areas.
Some of the outcrops and blocks observed by Curiosity have a
lineated surface texture (e.g. Fig. 9D and F), which could possibly
be due to such events in the past. Larger scale geomorphic effects
on the surface could mimic the effects of prevailing winds, and
provide an additional reason for future mapping of the pattern of
erosion on the surface.

No evidence of the materials or processes associated with the
energetic formation of Gale itself was observed by Curiosity.
Schwenzer et al. (2012) calculated that Gale had �3600 m3 of
impact melt, but impact melts and impact breccias were not
observed in the area studied by Curiosity, and are probably buried
by the later post-impact fluvial deposits. Uplifted basement rocks
that would have provided an additional substantial heat source
do not seem to be evident at the surface. Hydrothermal processes
are common in large terrestrial craters (Kirsimäe and Osinski,
2013). The case for the possible effects of hydrothermal processes
in martian crater rim and lake deposits was laid out by Newsom
et al. (1996) and Newsom (2010) and modeled by Abramov and
Kring (2005). Even in the absence of visible evidence for these heat
sources, there is potential in Gale for identifying post-impact
hydrothermal effects in the form of alteration materials or mobile
element transport that can be linked to the effects of a post-impact
hydrothermal system. The maximum predicted lifetime of hydro-
thermal activity at Gale is limited to the <106 years immediately
after crater formation (e.g., Newsom et al., 1996; Schwenzer
et al., 2012), thus early post-impact processes could potentially
have affected some of the fluvial or lacustrine deposits in the
crater.

A possible martian example with similarities to Gale is the
well-studied alluvial fan in the Late Hesperian Majuro crater in
NE Hellas region. This fan is derived from the crater rim like the
Peace Vallis fan, and displays a lower section with a high thermal
inertia on which Fe/Mg phyllosilicates were detected and
interpreted to be hydrothermal in origin (Mangold et al., 2012c).
However, at Gale, there is no evidence of altered material that
may have been transported from the crater rim, including
cobbles with alteration veins or other evidence of shock, has been
found in the fluvial deposits at Gale. The discovery of abundant
phyllosilicates in the Sheepbed drill samples analyzed by the
ChemMin X-ray diffraction instrument (Vaniman et al., 2013)
raises the question of whether the clays were derived by alteration
of the crater rim materials by hydrothermal processes (Newsom
et al., 2001; Newsom, 2005; Ehlmann et al., 2011, 2013). However,
the alteration minerals identified in the Sheepbed drill samples
form at low-temperature (e.g. McLennan et al., 2014; Bridges
et al., 2014), and the lack of chemical fractionations of elements
expected for alteration has led to a model for the in situ (diage-
netic) alteration of the Sheepbed mudstones (McLennan et al.,
2014). The lacustrine deposits of the Sheepbed mudstone and
Gillespie sandstone that are part of the bright fractured materials
found in Yellowknife Bay in the Glenelg area (e.g. Grotzinger
et al. (2013) and Figs. 1 and 6) were also examined in several other
studies relevant to the question of impact related hydrothermal
processes in impact crater lakes. On the Earth, chemical signatures
of hydrothermal processes, including enrichments of Li and Ba,
have been observed in the lake sediments and underlying impac-
tites in the Yaxcopoil – 1 drill core in the 180–200 km diameter
Chicxulub impact crater (Hecht et al., 2004; Zürcher and Kring,
2004; Rowe et al., 2004; Newsom et al., 2006). However, the lack
of evidence for hydrothermal enrichments in the Sheepbed and
Gillespie mudstone and sandstone argues against an early post
Gale-impact nature of the lake in which these deposits formed.
For example, lithium, which is high in terrestrial hydrothermal
fluids (Newsom et al., 1999), is low in the clay-bearing materials
making up the Sheepbed member of the Yellowknife Bay forma-
tion, arguing against a substantial hydrothermal input (Ollila
et al., 2014; McLennan et al., 2014). Otherwise, only a few small
hints of enrichments of lithium in some spots in the Bathurst_Inlet
outcrop and the Rocknest_3 outcrop have been observed during
the first 363 Sols (Ollila et al., 2014). There may be some evidence
for hydrothermal fluids from enrichments of Mn that have been
documented in what appear to be exposed fracture fills; however,
these fills crosscut and therefore postdate the Gale sediments and
the origin of the fluids that concentrated and deposited Mn here
are as of yet unknown (Lanza et al., 2014).

A survey of impact crater depth diameters near the Curiosity
traverse and an exposure age on the Sheepbed formation (Farley
et al., 2013), have been used to determine a resurfacing rate in
the vicinity of 8–18 mm/Myr, roughly consistent with rate
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estimates elsewhere on Mars. Detailed analysis of the evolution of
the characteristics of the crater fill material as a function of crater
degradation may provide additional information on the rates and
geomorphic processes on the surface. In addition to crater rim ero-
sion, the shallow craters can all be seen to be filled with aeolian
deposits that often form asymmetrical deposits on the crater floors.
12. Conclusions

Understanding the nature of impact craters on Mars is con-
nected to the goal of the MSL mission by their connection with
the formation of habitable environments, either directly by means
of hydrothermal processes, or indirectly by the formation of basins
where water can form lakes. Craters also provide information on
timing of deposition and erosional processes that are climate
related. The original floor of Gale after its formation consisted of
impact melts and fall back debris. However, the actual surface over
which Curiosity has traveled reflects mainly the result of later flu-
vial processes, which have buried the original floor materials with
sedimentary rocks. Although the sedimentary materials are likely
to have originated from the crater rim, no chemical or mineralog-
ical evidence has been definitively observed from the early hydro-
thermal processes that probably occurred on floor or the rim of
Gale. Since the crater formed �3.6 byr ago, additional impacts on
Gale have occurred in concert with sedimentation and subsequent
aeolian erosion. During the first 363 Sols of the mission, no fresh
craters with evidence of freshly broken rock surfaces or impact
melts were observed close to the rover, but there is a distinct var-
iation in the preservation state of craters imaged from the rover.
The oldest craters are simply shallow depressions with no blocks
on the rim, and a crater fill that includes a substantial component
of the coarser fraction of the regolith found outside the craters.
Younger craters can have blocky rims and are deeper, and typically
contain finer grained fill material, typical of aeolian and dust
deposits. Otherwise impactite candidates – melts and shocked
rocks are rare, with the shiny spherical particles seen in the Rock-
nest drift providing the most likely evidence of impact generated
materials.

Analysis of impact crater abundances by Grant et al. (2014) con-
strain the maximum burial of the current Peace Vallis Fan surface
by �40 m since �3.2 Ga, which leads to an average resurfacing or
erosion rate of �8–14 mm/Myr. Model dependent constraints from
the exposure age data from Farley et al. (2013) and the paucity of
craters <2 m in diameter observed by Curiosity are plausibly
within an order of magnitude of this rate. This rate is substantially
greater than the resurfacing rate that can be ascribed to impact
cratering alone, and is consistent with a large role for aeolian ero-
sion and deposition. In addition, the age and erosion rate from the
cratering data of Grant et al. (2014) and the depth/diameter data
for craters in the vicinity of the landing site from this paper suggest
that the area explored by Curiosity was not deeply buried by mate-
rials equivalent to those exposed on Mt. Sharp (e.g. Kite et al.,
2013), at least since the last episodes of fan formation in Gale.
However, there is a large period of time between the formation
of the crater and the deposition of the Peace Vallis Fan when
greater burial episodes were possible. In addition, the lower slopes
of Mount Sharp have clearly been eroded back to some extent. The
sediments of the Hummocky terrain between the Peace Vallis Fan
and Mount Sharp may not be as young as the Peace Vallis Fan, thus
the burial story may be different closer to Mount Sharp.
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