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A variety of geologic landforms and features are observed within quadrangle Av-13 Tuccia in the
southern hemisphere of Vesta. The quadrangle covers parts of the highland Vestalia Terra as well as
the floors of the large Rheasilvia and Veneneia impact basins, which results in a substantial elevation
difference of more than 40 km between the northern and the southern portions of the quadrangle.
Measurements of crater size–frequency distributions within and surrounding the Rheasilvia basin
indicate that gravity-driven mass wasting in the interior of the basin has been important, and that the
basin has a more ancient formation age than would be expected from the crater density on the basin floor
alone. Subsequent to its formation, Rheasilvia was superimposed by several mid-sized impact craters.
The most prominent craters are Tuccia, Eusebia, Vibidia, Galeria, and Antonia, whose geology and
formation ages are investigated in detail in this work. These impact structures provide a variety of
morphologies indicating different sorts of subsequent impact-related or gravity-driven mass wasting
processes. Understanding the geologic history of the relatively young craters in the Rheasilvia basin is
important in order to understand the even more degraded craters in other regions of Vesta.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction and general geologic setting of quadrangle
Av-13

The investigation of the main belt Asteroid 4 Vesta by NASA’s
Dawn mission (Russell et al., 2012) includes an extensive geologic
mapping program. Besides a global geologic map at a scale of
1:500,000 (Yingst et al., 2013) this mapping program consists
of the production of 15 geological quadrangle maps at a scale of
1:250,000 (Roatsch et al., 2012; Williams et al., this issue-b).

The quadrangle Av-13 called Tuccia covers the region between
21–66�S latitude and 180–270�E longitude. The quadrangle
represents the transition zone between the topographically
elevated Vestalia Terra and the floor of the Rheasilvia basin (see
Fig. 1). The Rheasilvia impact structure, whose existence has
already been suggested by e.g., Thomas et al. (1997) and Binzel
et al. (1997) using data from the Hubble Space Telescope (HST),
is centered close to the south pole of Vesta at �75�S, �301�E and
is approximately 500 ± 20 km in diameter (e.g., Jaumann et al.,
2012b; Schenk et al., 2012a). Measuring the crater size–frequency
distribution (CSFD) on the relatively lightly-cratered basin floor of
Rheasilvia, Marchi et al. (2012) determined a formation time of
approximately 1 Ga ago, although this has been questioned by
Schmedemann et al. (2012b). Undetected by the HST, Rheasilvia
superposes a second large basin with almost the same diameter,
which has been named Veneneia. This basin has a diameter of
�400 ± 20 km and its center is located at �52�S and �170�E (e.g.,
Jaumann et al., 2012b; Schenk et al., 2012a). Portions of the floors
of both impact structures are located within the Tuccia quadrangle.
Tuccia,
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While the Veneneia floor covers only the north-western edge of the
quadrangle, Rheasilvia approximately constitutes the southern half
of the quadrangle. The exact boundaries of the original basin rims
are difficult to determine as they are heavily degraded and modi-
fied by landslides and slope slumping, particularly at the southern
scarp of Vestalia Terra (see Fig. 1).

Vestalia Terra is a high elevation plateau mainly located in the
equatorial mapping quadrangle Numisia (Av-9, Yingst et al.,
2013; Buczkowski et al., this issue). The southern edge of Vestalia
Terra extends into the Tuccia quadrangle. Here, Vestalia Terra
reaches a maximum height of approximately 19.6 km above the
Vesta ellipsoid. In combination with the depth of the Rheasilvia
basin – of more than 22.4 km in the south-eastern region of the
quadrangle – this results in topographic variation exceeding
40 km leading to widespread mass wasting processes such as
landslides and slumps, throughout the quadrangle. This complex
geologic setting that extends over large parts of the southern hemi-
sphere of Vesta was subsequently modified by mid-sized impact
events. In contrast to craters on the heavily-cratered terrains in
the northern hemisphere of Vesta (Marchi et al., 2012; Hiesinger
et al., 2013), craters on the more lightly cratered floor of Rheasilvia
show distinct stratigraphic relationships and, thus, allow for rela-
tively unambiguous analyses of crater morphologies and relative
formation ages. The prominent impact craters in quadrangle Av-
13, named Eusebia, Tuccia, Vibidia, Galeria, and Antonia (see
Fig. 1), offer a rich variety of impact morphologies, erosion types,
as well as exposures of dark and bright materials (Kneissl et al.,
2013) and, thus, these craters are appropriate candidates to inves-
tigate young, mid-sized impact morphologies on Vesta’s surface.

2. Methodology

2.1. Database and geologic mapping

Quadrangle Av-13 Tuccia is one of 15 mapping quadrangles of
Vesta, with two at the poles, four in the mid-latitude regions,
respectively, and five in the equatorial region (Roatsch et al.,
Fig. 1. Overview map of quadrangle Av-13 Tuccia. Black dashed lines denote locations o
solid boxes. White lines denote boundaries of measurement areas used for crater count
given in Table 1 and in the CSFD plots, respectively. Further crater measurement areas
mosaic (20 m/px) overlain by color-coded digital terrain model (DTM); heights refer to
projection with central meridian at 225�E and standard parallels at 30�S and 58�S.
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2012, see Fig. 2). The presented map (Fig. 3 and SOM) uses the
‘Claudia’ coordinate system, which is different from the coordinate
system used to publish data in Planetary Data System (Li, 2012)
that follows IAU coordinate system recommendations (Archinal
et al., 2011). Positive longitudes here are offset by 150 degrees
from the ‘IAU/PDS’ system, in the sense that Claudia longi-
tude = IAU longitude �150� (for details see the Coordinate system
section in Williams et al., this issue-b).

The geologic mapping was based on a mosaic of Framing Cam-
era (FC) clear-filter imagery derived during the Low Altitude Map-
ping Orbit (LAMO) of the Dawn spacecraft (Russell and Raymond,
2011; Sierks et al., 2011) (Fig. 2A). The mosaic provided a spatial
resolution of 20 m/px. Small gaps in the north-eastern part of the
quadrangle were filled with image data from the High Altitude
Mapping Orbit (HAMO) with a resolution of 70 m/px (Roatsch
et al., 2012). Single LAMO FC clear-filter images with native resolu-
tion (>15 m/px) were processed with the USGS Integrated Software
for Imagers and Spectrometers (ISIS) (Becker et al., 2012) and used
for detailed investigations. Since the albedo of a surface unit is an
important property for geologic mapping, we also made use of a
mosaic of photometrically corrected FC clear-filter images (70 m/
px) obtained during the HAMO mapping phase and provided by
the DAWN Team. Multispectral data that was derived from Fram-
ing Camera (FC) color filter images (Sierks et al., 2011) was used
to map unit boundaries of ejecta blankets and dark material occur-
rences. Here, we applied Clementine-like color ratio maps (hereaf-
ter called color ratio maps) with a resolution of 70 m/px (Fig. 2C).
In these composite color maps the red channel is the ratio of 750/
440 nm filters, green is 750/920 nm filter ratio and blue is the ratio
of 440/750 nm filters (e.g., Le Corre et al., 2011, 2012b; Nathues
et al., 2012; Reddy et al., 2012a, 2012b). The red channel shows a
steeper visible spectral slope, the green channel is a function of
mafic mineral absorption band depth (an indicator for iron abun-
dance, particle size effects, space weathering), and the blue chan-
nel is the inverse of the red channel helping to constrain weaker
spectral slopes than the average surface (Reddy et al., 2012a,
2012b).
f topographic profiles shown in Fig. 4. Locations of other figures are shown as black
s shown in Fig. 5. Here, white measurement-area labels correspond to ID numbers
are shown in the detailed maps in Fig. 9. Image derived from LAMO FC clear-filter
a 2-axial reference ellipsoid of 285 � 229 km (radii), Lambert conformal conic map
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Fig. 2. Tuccia quadrangle boundary (red) draped over Vesta’s topography. Adjacent quadrangle boundaries are shown in black. (A) Global mosaic of LAMO FC clear-filter data
(20 m/px). LAMO coverage gaps were filled with HAMO FC data. (B) Color-coded digital terrain model (DTM) (92 m/px). Heights refer to a 2-axial reference ellipsoid of
285 � 229 km (radii). (C) Clementine-type color ratio map (70 m/px) derived from FC color data (red 750/440 nm; green 750/920 nm; blue 440/750 nm). (D) Slope map
(92 m/px) derived from the ellipsoid-based DTM described above. Slope values were calculated in a conformal Mercator map projection and corrected for scale errors
subsequently.
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Topographic analyses, e.g., the creation of slope maps and topo-
graphic profiles (e.g., Fig. 4), were carried out using a digital terrain
model (DTM) derived from stereo imagery (Preusker et al., 2012a)
(Fig. 2B). The lateral resolution of the DTM amounts to 92 m/px
and the three-dimensional point accuracy is ±8 m (Preusker et al.,
2012b, 2012c). The reference body is an ellipsoid of 285�
285� 229 km (radii). The slope map (Fig. 2D) was particularly use-
ful for distinguishing between troughs, scarps, and grooves. Further
information on the Dawn data products used for geologic mapping
of Vesta can be found in the introductory paper of the Special Issue
on the Geologic Mapping of Vesta (Williams et al., this issue-b).

The final map uses a Lambert conformal conic map projection
with standard parallels at 30�S and 58�S and a central meridian
at 225�E at the scale of 1:250,000 (Roatsch et al., 2012). This
map is in agreement with the symbolization used for the global
geologic map of Vesta (Yingst et al., 2013). Here, we used map units
and symbols according to the Digital Cartographic Standard for
Geologic Map Symbolization (U.S.G.S., 2006) realized for usage in
ESRI’s ArcGIS by Nass et al. (2011).
2.2. Analysis of crater size–frequency distributions (CSFDs)

2.2.1. Measurements of CSFDs
In order to consider the stratigraphy of the mapped geological

units, or rather for the determination of relative and absolute
Please cite this article in press as: Kneissl, T., et al. Morphology and formation
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surface ages, we measured CSFDs on the unit surfaces. Here, the
minimum crater diameter used for these analyses depended on
the unit size. On large-scale units, e.g., on Rheasilvia ridge-and-
groove material (unit Rrg) or the cratered plains material (unit
cp), we measured craters down to one kilometer in diameter. On
smaller geologic units, such as on the ejecta blankets of Vibidia
or Antonia or on landslide and slump deposits, we used individual
LAMO images with native resolution (>15 m/px) in order to mea-
sure crater diameters down to the image-resolution limit, i.e.
�60–70 m. Craters were mapped using the CraterTools extension
for ESRI’s ArcGIS described in Kneissl et al. (2011). This software
helps to avoid errors of crater diameters and measurement area
sizes related to map-projection induced distortions. However,
due to the large deviations (up to 30 km) of the actual surface from
the reference body used for the map projection (sphere with a ra-
dius of 255 km), these values can differ from the true distances and
area sizes on the actual surface. All the CSFD measurements were
corrected for these elevation-induced distortions. The true diame-
ter can be calculated using:
Du ¼
Dd

r
� ðr þ EÞ
where Du is the undistorted crater diameter, Dd the distorted diam-
eter, r the radius of the reference body, and E the elevation above
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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Fig. 3. LAMO-based geologic map of quadrangle Av-13 Tuccia. Image derived from the geologic map overlain on a LAMO FC clear filter mosaic (20 m/px), Lambert conformal
conic projection using �30� and �58� standard parallels. Correct scale along the standard parallels. A high resolution version of this map can be found in the supplementary
online material.

Fig. 4. Topographic profiles and interpreted cross-sections across quadrangle Av-13 depicting interpreted vertical and lateral relationships between geologic units as mapped
in Fig. 3. Profile locations are shown in Fig. 1. Heights of the topographic profiles refer to a 2-axial reference ellipsoid of 285 � 229 km (radii) and have no vertical
exaggeration.

4 T. Kneissl et al. / Icarus xxx (2014) xxx–xxx

Please cite this article in press as: Kneissl, T., et al. Morphology and formation ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
Vesta. Icarus (2014), http://dx.doi.org/10.1016/j.icarus.2014.02.012

http://dx.doi.org/10.1016/j.icarus.2014.02.012


T. Kneissl et al. / Icarus xxx (2014) xxx–xxx 5
the reference body. For the calculation of true area sizes the follow-
ing formula was used:

Au ¼
ffiffiffiffiffi
Ad

p
r
� ðr þ EÞ

 !2

where Au is the undistorted area size and Ad the distorted area size.
To gain a better overview of all CSFD analyses carried out in this

work we assigned a unique identification number (ID) to each
CSFD measurement. This ID was used for measurement-area loca-
tions in the overview maps, for the CSFD plots, as well as for the
measurement details given in Table 1.

2.2.2. Deriving cratering model ages
The CSF data was plotted and analyzed with the CraterStats

software (Michael and Neukum, 2010; Michael, 2013). Here, cra-
tering model ages are obtained by fitting a given production func-
tion (PF) to the observed CSFD using a non-linear least-squares
fitting procedure. As a result the PF provides a theoretical equiva-
lent N(1) value which can be used to obtain a cratering model age
from the chronology function (CF).

Errors given for the crater model ages in the CSF plots, in Table 1,
and in the text refer solely to the stochastic uncertainty of the indi-
vidual CSF measurements. Here, the error bars of the individual
crater bins in the CSF plots represent one standard deviation, r,
for each data point (Arvidson, 1979). The magnitude of uncertain-
ties given for the individual cratering model ages depend on the
number of craters in the fitted diameter range and arise from the
statistics of the Poisson cratering process in combination with
the non-linear CF (Michael and Neukum, 2010). It should be
emphasized that the given errors do not relate to any systematic
error in the determination or calibration of the applied chronology
function and production functions. Thus, one should be cautious
not to over-interpret the absolute model-ages and their corre-
sponding errors. However, when a CSFD runs parallel to the PF
and provides sufficient crater statistics, our method provides reli-
able results for the analysis of relative age differences, especially
when craters in the same diameter range are used.

In this work we made use of two different combinations of CF
and PF. The first combination consists of the lunar-like CF and PF
scaled to Vestan impact conditions (revision 3) provided in Sch-
medemann et al. (2012a, submitted for publication). The second
combination is the CF based on dynamical models of the asteroid
belt including the Late Heavy Bombardment (LHB) scenario
(O’Brien et al., 2012, submitted for publication; O’Brien, 2013) with
the PF based on the size–frequency distribution of the Main-Belt
Asteroids (MBA) derived by Marchi (Marchi et al., 2013; O’Brien,
2013). Since the two CFs are nearly identical over the time range
from the present back to 3 Ga ago, age differences derived from
CSFDs on younger surfaces are mainly a result of the different
shapes of the given PFs. For details and background explanations
for both systems please see the respective publications and refer-
ences therein.

During data analysis we found that, especially in the small-
diameter range, the PF by Marchi et al. is often too shallow in order
to fit the measured CSFDs. This is in contrast to the PF by Schmede-
mann et al. which is steeper in the small diameter-range and pro-
duces better fits to young/fresh, undisturbed CSFDs. In this respect,
it is important to note that only undisturbed (commonly the steep-
est) CSFDs in a region provide information about the shape of the
PF. Shallower CSFDs are often the result of subsequent obliteration
of small-diameter craters by erosive or mantling processes, such as
the emplacement of an ejecta blanket (see detailed explanation in
the next section). We should note that a PF is always an averaged
CSFD, which might vary slightly with time (Schmedemann et al.,
submitted for publication). However, we generally found a very
Please cite this article in press as: Kneissl, T., et al. Morphology and formation
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good agreement between the measured steep CSFDs in the Tuccia
quadrangle and the PF by Schmedemann et al. This also includes
several CSFDs measured on older surface units containing larger-
diameter craters, e.g., in the interior of Rheasilvia. Due to the better
fit of the PF by Schmedemann et al. to the obtained CSFDs, we
decided to use the ages derived with the chronology system by
Schmedemann et al. (2012a, submitted for publication) in the data
plots and the text presented in this work. Nevertheless, all CSF
measurements have additionally been fitted and analyzed using
the functions by O’Brien et al. and Marchi et al. The resulting ages
of both approaches are presented in Table 1.

2.2.3. Resurfacing processes
Besides the CSFD curves that are in good agreement with the

proposed PF there are several CSFD measurements in this work
showing distinct kinks and flat portions of the curves. One possible
explanation might be a slightly time-variable PF that might lead to
different shapes of CSFDs on differently aged surfaces. However,
the flat portions of some of these measurements are cut by other
CSFDs that follow the given PF (e.g., the flat portion of measure-
ment ID 8b is cut by the steeper CSFD of measurement ID 9a). Such
an overlap cannot be explained by a time-variable PF because an
undisturbed older CSFD always has to contain a higher crater fre-
quency over the complete diameter range than a younger CSFD.
Thus, it is implausible that time-dependent variations of the PF
are responsible for all of the observed kinks and flattenings of
the CSF curves.

A more plausible explanation for the shapes of the CSF curves is
the influence of geologic processes that are able to erode or mantle
impact craters. Typically, these (partial) resurfacing processes
obliterate smaller craters from the distribution before larger
impact craters are affected (e.g., Hartmann, 1971; Neukum and
Horn, 1976; Hartmann and Werner, 2010). The consequences are
characteristic ‘‘kinks’’ in the observed CSFDs and multiple portions
of the curve consistent with (i.e., parallel to) the PF. These multiple
segments of the CSFD can be used for age extractions, respectively
(e.g., Neukum and Hiller, 1981; Werner, 2005; Michael and
Neukum, 2010). Here, the large-diameter portion of the curve,
i.e., the craters not affected by the resurfacing process, provides
information about the age of the original surface. In the case of
an emplacement of a thin lava flow or an ejecta blanket this is
the age of the underlying surface, defined by the large craters still
visible through the lava/ejecta. The small-diameter part of the
CSFD curve, i.e., the craters formed after the resurfacing process
ended, defines the age of the end of the resurfacing process, e.g.,
the age of the emplacement of the lava flow or the ejecta blanket
(e.g., Hiesinger et al., 2002). The signature in the CSFD does how-
ever not always reveal whether this process was a single discrete
resurfacing event with a specific age, multiple events with a similar
intensity, or if the flattened portion of the CSFD reflects an ongoing
erasure of craters over a long period of time (Michael and Neukum,
2010; Michael, 2013). However, most CSFD measurements in this
study showing distinct resurfacing signatures are located next to
impact structures. Here, the emplacement of an ejecta blanket
and/or the degradation by impact-induced seismic shaking (e.g.,
Titley, 1966; Richardson et al., 2005; Thomas and Robinson,
2005) very likely acts as a discrete, short-lived resurfacing event.
This is often confirmed by the morphology of the large-diameter
craters that show mantling by the ejecta blankets. In order to cre-
ate a resurfacing signature with a second steep portion of the CSFD,
a long-lasting process of craters degradation would have to stop
abruptly. If not, craters could not re-accumulate on the surface
showing the same slope as the production function. On Vesta an
abrupt end of such a long-lasting, crater-eroding process is hard
to explain. Ejecta emplacement however is a discrete resurfacing
event with a specific age giving a plausible explanation for the
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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Table 1
CSFD measurements derived in quadrangle Av-13 Tuccia. Values for n500, n1, n2, n5, and n16 are given per 106 km2. Ages are given for both approaches, Schmedemann et al. and O’Brien/Marchi et al. Locations of measurement areas are
shown in Figs. 1 and 9.

ID Measurement
name

Area
(km2)

n
cum

n500 n1 n2 n5 n16 Age
type

Schmedemann et al. O’Brien et al./Marchi et al.

Age
(Ga)

Error
up (Ga)

Error
down
(Ga)

n
fit

n1 fit D
min
fit
(km)

D
max
fit
(km)

Age
(Ga)

Error
up
(Ga)

Error
down
(Ga)

n
fit

n1 fit D
min
fit
(km)

D
max
fit
(km)

1a Cratered
Plains
Material 1

1604 49 30,550 24,310 4988 2494 0 Base 3.41 0.15 1.1 4 0.0932 4.5 9 2.116 0.988 1.032 4 0.0434 4.5 9
Resurf 1.13 0.17 0.17 36 0.0231 0.9 2 0.720 0.189 0.190 10 0.0145 1.4 3

1b Cratered
Plains
Material 2

969.6 62 63,940 25,780 7219 0 0 Base 2.99 0.37 1.1 7 0.0622 2 4.5 1.602 0.344 0.348 20 0.0326 1.2 4.5

2a Rheasilvia
Smooth
Material East

6079 99 16,290 14,480 4770 987 164.5 Base 2.47 0.55 0.63 14 0.0504 3 17 1.064 0.126 0.126 68 0.0215 1.3 20

2b Rheasilvia
Smooth
Material West

8024 119 14,830 12,340 4860 1371 498.5 Base 3.46 0.09 0.22 11 0.105 6 25 3.819 0.509 1.320 7 0.0825 11 25
Resurf 1.72 0.27 0.27 28 0.035 2 5 1.039 0.162 0.163 28 0.021 2 5

3a Rheasilvia
Ridge and
Groove
Material

21,700 392 18,060 14,380 4838 1198 184.3 Base 2.31 0.32 0.32 51 0.047 3 35 1.122 0.128 0.129 73 0.0227 2.5 35

4a Cratered
Highlands
Material 1

315.4 25 87,250 60,690 18,970 0 0 Base 3.67 0.051 0.08 12 0.217 1.7 5 4.428 0.051 0.414 12 0.126 1.7 5

4b Cratered
Highlands
Material 2

263.6 25 87,250 60,690 18,970 0 0 Base 3.53 0.073 0.14 11 0.128 1.4 3.5 3.881 0.367 0.903 14 0.0845 1.2 3.5

5a Lobate
material 1

103 437 67,950 0 0 0 0 Base 0.332 0.046 0.047 50 0.00677 0.25 1 0.706 0.038 0.038 332 0.0142 0.11 1

5b Lobate
material 2

21.21 124 0 0 0 0 0 Base 0.15 0.028 0.028 28 0.00305 0.14 0.45 0.478 0.065 0.065 52 0.00959 0.1 0.45

5c Lobate
material 3

83.38 194 23,990 0 0 0 0 Base 0.0925 0.01 0.01 78 0.00188 0.14 0.45 0.346 0.026 0.026 175 0.00693 0.1 0.8

6a Tuccia Ejecta
North-West

30.61 306 294,000 32,670 0 0 0 Base 2.08 0.67 0.69 9 0.0424 0.5 1.1 2.651 0.676 0.706 13 0.0549 0.4 1.1
Resurf 0.17 0.015 0.015 108 0.00346 0.11 0.35 0.730 0.055 0.055 159 0.0147 0.09 0.35

6b Tuccia Ejecta
South-West

160.8 636 74,610 37,310 18,650 0 0 Base 3.5 0.1 0.34 6 0.115 1.3 4.5 3.658 0.622 1.397 6 0.078 1.3 4.5
Resurf 0.174 0.0083 0.0083 412 0.00355 0.12 0.4 0.691 0.030 0.030 488 0.0139 0.11 0.6

6c Tuccia Bright
Rayed Crater

75.44 524 159,100 39,770 26,510 0 0 Base 3.62 0.11 1 2 0.177 1.7 3 4.199 0.288 2.670 2 0.103 1.7 3
Resurf 0.764 0.2 0.2 11 0.0156 0.45 0.8 1.375 0.333 0.336 13 0.0279 0.4 0.9
Resurf 0.16 0.011 0.011 178 0.00326 0.12 0.25 0.617 0.029 0.029 423 0.0124 0.08 0.3

6d Tuccia Rim
Transition
North

23.57 110 127,300 0 0 0 0 Base 0.701 0.4 0.4 3 0.0143 0.45 0.8 0.775 0.103 0.103 55 0.0156 0.13 0.8
Resurf 0.162 0.02 0.02 57 0.00329 0.12 0.3

6e Tuccia Rim
Transition
South

17.36 103 0 0 0 0 0 Base 0.184 0.024 0.024 58 0.00375 0.11 0.5 0.725 0.085 0.085 70 0.0146 0.1 0.5

7a Eusebia Ejecta
North East

226.4 540 88,340 35,340 13,250 0 0 Base 3.42 0.16 1.4 3 0.0949 2 3.5 2.573 1.281 1.446 3 0.0532 2 3.5
Resurf 1.05 0.27 0.27 12 0.0215 0.7 1.4 1.448 0.361 0.365 12 0.0294 0.7 1.4
Resurf 0.208 0.012 0.012 252 0.00424 0.16 0.5 0.711 0.037 0.037 339 0.0143 0.15 0.5

7b Eusebia Ejecta
South

42.71 363 93,660 70,250 0 0 0 Base 3.4 0.17 1.5 3 0.0917 0.9 2 3.685 0.734 2.030 3 0.0787 0.9 2
Resurf 0.213 0.014 0.014 209 0.00433 0.11 0.45 0.868 0.047 0.047 321 0.0175 0.08 0.45

7c Eusebia lobate
material 1

15.26 193 0 0 0 0 0 Base 0.138 0.018 0.018 61 0.00281 0.1 0.35 0.562 0.051 0.051 116 0.0113 0.07 0.35

7d Eusebia lobate 7.144 107 0 0 0 0 0 Base 0.144 0.023 0.023 40 0.00294 0.09 0.3 0.666 0.092 0.092 51 0.0134 0.08 0.25
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shape of the observed CSFDs, especially in close vicinity to impact
craters. Thus, we interpret resurfacing signatures in close vicinity
to impact craters to have been caused by the formation of the
craters.

In reverse-cumulative CSF diagrams, as used in this work, the
small-diameter portion of the CSFD curve also contains the large
craters that were formed before the resurfacing event began. This
leads to an over-estimation of the resurfacing age if the
small-diameter portion of the CSFD curve is fitted directly. Thus,
the small-diameter portion needs to be corrected for this effect
(Werner, 2005; Michael and Neukum, 2010). This is done by
removing all observed large-diameter craters from the CSFD and
estimating the larger population as it would appear if it matched
the age of the younger, small-diameter segment of the CSFD
(Michael and Neukum, 2010).

2.3. Morphometric measurements

Maximum and minimum rim elevations of prominent impact
craters were extracted from topographic profiles along the crater
rims. Minimum crater elevations (crater floor elevations) were
determined by extracting the minimum DTM pixel values within
the mapped crater rim, i.e., the lowest point within the crater.
Due to Vesta’s significant relief compared with its radius, topogra-
phy has an important influence on crater morphologies (Jaumann
et al., 2012b). Thus, the determination of crater depths has to take
into account the slope of the preexisting plane (Vincent et al.,
2012b, 2013). In order to accomplish that, we compute a least-
square plane through the crater rim and determine the deepest
point within the impact crater perpendicular to the fitted plane.
This has been accomplished by subtracting the original DTM from
the interpolated plane, leading to a raster dataset representing the
distance between the fitted plane and the crater floor that is direc-
ted towards the center of the reference body. In order to determine
the depth perpendicular to the fitted plane, we multiplied this
dataset with the sine of the angle between the vertical of the refer-
ence body and the fitted plane. Errors given in Table 2 represent
the individual RMS error of the least square plane fitted through
the rim of the crater plus the point accuracy of the DTM.

Crater diameters are given as minimum, maximum, and mean
extents of the crater rims, respectively. As described in Section 2.2,
measured diameters had to be corrected for distortions induced by
the elevation level of the craters. Ejecta extents as stated in Table 2
are given as approximate average values but only for the parts of
the craters where the ejecta blanket was not subsequently modi-
fied, e.g., by creep or landslides on slopes.

Depth-to-diameter ratios of the investigated craters were calcu-
lated using the crater depth as described above and the average
diameter of the crater. As already mentioned by Vincent et al.
(2013), the total errors of the depth-to-diameter ratios represent
a combination of the uncertainties in the crater diameter (DD)
and the uncertainties in the crater depth (Dd) and can be expressed
by:

D
d
D
¼ d

D
� Dd

d
þ DD

D

� �

where DD is defined by our minimum and maximum measured
crater diameters and Dd is the crater-depth error as stated above.
3. Mapping results

3.1. Cratered highlands material (ch)

Description: In the Tuccia quadrangle unit ch is located on the
plateau of Vestalia Terra at the northern boundary. It is mainly
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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characterized by a very high crater density and an intermediate
albedo (Yingst et al., 2013; Williams et al., this issue-a). Only two
small occurrences of unit ch were mapped, one in the eastern part
of Vestalia Terra and one in the western part. Both occurrences
extend to the north into quadrangle Numisia (see Buczkowski
et al., this issue). The western occurrence of unit ch is located
directly north of the Vibidia crater. The eastern part of unit ch
contains a crater chain, which might consist of secondary craters
possibly having their origin from an unnamed 20 km-diameter
crater at the eastern edge of the plateau.

Interpretation: Yingst et al. (2013) interpreted unit ch to be
ancient terrain, possibly the oldest terrain on Vesta. The unit was
subsequently heavily re-worked by impacts and was possibly
superimposed at least partly by Rheasilvia ejecta (Raymond et al.,
2013). The surface of the western occurrence of unit ch is likely
superimposed by thin ejecta of the Vibidia crater.

The locations of the two CSFD measurement areas (ID 4a and
4b) are shown in Fig. 1. As stated above, the CSFD on the eastern
part of unit ch might be affected by an elongated cluster of second-
ary craters. However, the derived age on this part is not affected by
these possible secondary craters, because their diameter-range
was not used for the CSFD analysis. The resulting ages for unit ch
are 3.67 + 0.05/�0.08 Ga (ID 4a) for the western and 3.53 + 0.07/
�0.14 Ga (ID 4b) for the eastern part of unit ch (see Fig. 5A).

3.2. Cratered plains material (cp)

Description: The surface of unit cp is smoother than the surface
of unit ch and shows fewer impact craters. Unit cp was mapped in
two locations in quadrangle Tuccia. The first part is located in the
southern part of the plateau of Vestalia Terra reaching a height of
�19.6 km above the vestan ellipsoid (Fig. 6D). The center of this
part of unit cp (at approx. 23�S and 230�E) exhibits a set of arcuate
rilles aligned in NW–SE direction. The west and southwest of this
part of unit cp are affected by the ejecta blankets of Vibidia and
Galeria. The second portion of unit cp is located in the north-east-
ern region of quadrangle Av-13 and is partly defined by its topog-
raphy. This part of the unit is a plateau below the southern scarp of
Vestalia Terra and includes several arcuate rilles and weak scarps
comparable to those on unit Rrg and Rs.

Interpretation: Yingst et al. (2013) interpreted the smooth
cratered plains adjacent to the Rheasilvia basin to be terrain
Table 2
Morphometric parameters of prominent impact craters in quadrangle Av-13.

Crater
name

Min rim elevation
(km above
ellipsoid)

Max rim elevation
(km above
ellipsoid)

Crater floor
elevation (km above
ellipsoid)

Crater
depth
(km)

Antonia �15.7 �11.5 �17.3 3.3
Tuccia �4.1 �2.9 �6.0 2.5
Eusebia �7.5 �2.6 �10.5 5.3
Vibidia 12.7 14.2 11.5 1.8
Galeria 12.5 18.6 9.9 5.9

Table 3
Geologic units mapped in the detail maps only.

Unit Description

Crater wall material (cw) Material on steep crater slopes. Appears fine-grain
smooth. Partly superimposed by dark material mov

Bright crater floor material (bcf) Mapped on the western part of Antonia’s crater flo
smooth, high-albedo deposit. Partly extends to the
covered by dark material moving down-slope

Dark crater floor material (dcf) Mapped on the eastern part of Antonia’s crater floo
darker than unit bcf. Material shows lobe-shaped m
linear features on the deposit’s surface

Please cite this article in press as: Kneissl, T., et al. Morphology and formation
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degraded by the formation of Rheasilvia or possibly to represent
Rheasilvia ejecta. In quadrangle Tuccia this interpretation should
especially apply to the part of unit cp on Vestalia Terra as this
region represents the basin rim of Rheasilvia (Jaumann et al.,
2012b). As stated above, the second part of unit cp unit forms a
plateau approximately 10 km below the southern scarp of Vestalia
Terra and shows an almost planar surface. This might indicate that
the plateau was formed as a cohesive slumping block that origi-
nally belonged to the southernmost part of Vestalia Terra, i.e.,
the former rim of Rheasilvia.

The CSF measurement areas (ID 1a and 1b) are shown in Fig. 1.
The resulting CSFD on the north eastern part of the unit (ID 1a)
provides an age of 3.41 + 0.15/�1.1 Ga that is not well constrained
due to the limited statistics. Furthermore, the shape of the CSFD
might indicate a resurfacing event affecting this portion of unit
cp. The age derived using the resurfacing correction is
1.13 ± 0.13 Ga. This resurfacing signature might be related to the
formation of the Drusilla crater (15.1�S, 261.4�E) whose ejecta
blanket is located north of unit cp and possibly partially obliterated
small craters in the measurement area. Alternatively, this resurfac-
ing signature might indicate the formation age of the terrace. The
second measurement area of unit cp (ID 1b) on Vestalia Terra
provides an age of 2.99 + 0.37/�1.1 Ga.
3.3. Rheasilvia smooth material (Rs)

Description: Unit Rs represents the topographic transition zone
between the lower floor of Rheasilvia and the higher-relief equato-
rial regions of Vesta. Unit Rs is characterized by a relatively smooth
surface (see Fig. 6B) that is, mainly in the eastern part, interrupted
by a few isolated ridge, groove, and scarp features. However, these
features are less distinctive compared to those in unit Rrg. The sur-
face of unit Rs is covered by small impact craters. The transition to
unit Rrg is unclear and, thus, the contact could only be mapped as
an approximate boundary.

Interpretation: Unit Rs likely consists of ejecta emplaced during
the Rheasilvia impact event also covering the floor of the Veneneia
basin (Yingst et al., 2013; Williams et al., this issue-a). In order to
minimize the influence of slope-related processes on the CSFD
used for the stratigraphic classification of unit Rs, we only used
the western and eastern part of the unit for the CSF analysis.
Depth
error
(km)

D
max
(km)

D
min
(km)

D
mean
(km)

Depth/
diameter
ratio

Depth/
diameter
ratio error

Mean ejecta
diameter
(km)

±0.3 15.6 14.8 15.2 0.214 ±0.026 63.2
±0.2 9.9 9.2 9.5 0.262 ±0.031 31.8
±0.4 29.2 25.9 27.6 0.191 ±0.025 87.1
±0.1 8.6 7.8 8.2 0.223 ±0.025 43.4
±0.6 25.1 22.8 23.9 0.255 ±0.035 45.6

Interpretation

ed and mostly
ing down-slope

Impact-related material that subsequently moved
downslope

or. Relatively
crater rim. Partly

Asymmetrically ejected, bright ejecta material of Antonia.
Likely pristine surface regolith

r. Rougher and
argins and lobate

Likely a mixture of excavated dark material and pristine
surface regolith. Originally emplaced on the crater wall but
subsequently moved downwards

ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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CSFDs on unit Rs (measurement IDs 2a and 2b) in quadrangle
Tuccia differ from east to west (see Figs. 1 and 5C). Concerning
the statistical errors of the measurement on unit Rrg (ID 3a) and
the measurement on the eastern part of Rs (ID 2a) (Rrg
2.31 ± 0.32 Ga; Rs 2.47 Ga + 0.55/�0.63 Ga), the resulting age on
the eastern part of unit Rs is comparable to unit Rrg. However,
due to the smaller measurement area and, thus, the lower absolute
number of large impact craters, the CSFD does not fit the PF as well
as the CSFD on unit Rrg. On the western part of unit Rs (ID 2b), i.e.
Fig. 5. Cumulative crater size–frequency distribution (CSFD) plots of global map units
measurement details.

Please cite this article in press as: Kneissl, T., et al. Morphology and formation
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on the former floor of the Veneneia basin, the CSFD indicates a sur-
face age of 3.46 + 0.09/�0.22 Ga. Additionally, the shape of the
CSFD suggests that there might have been a resurfacing process
which ended �1.7 Ga ago.

3.4. Rheasilvia ridge-and-groove material (Rrg)

Description: Unit Rrg covers approximately the southern half of
the Tuccia quadrangle, i.e., most of the floor of the Rheasilvia basin.
in the Tuccia quadrangle. Measurement areas are shown in Fig. 1. See Table 1 for

ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,

http://dx.doi.org/10.1016/j.icarus.2014.02.012


Fig. 6. Type areas of material units. All images are excerpts from FC clear-filter images (H = HAMO, L = LAMO). Coordinates are given for the centers of the excerpt. (A)
Rheasilvia ridge-and-groove material (Rrg). H FC21A0010158, 237.7�E/48.2�S. (B) Rheasilvia smooth material (Rs). H FC21A0011228, 246.6�E/36.4�S. (C) Rheasilvia scarp wall
material (Rsw). H FC21A0028591, 239.3�E/29.5�S. (D) Cratered plains material on Vestalia Terra (cp). H FC21A0010354, 237.1�E/23.2�S. (E) Cratered highlands material (ch) at
the quadrangle boundary north of Vibidia. H FC21A0011068, 217.2�E/22.0�S. (F) Undifferentiated lobate material (ul) at the base of the southern scarp of Vestalia Terra. H
FC21A0010570, 223�E/35�S. (G) Undifferentiated lobate material (ul) on the floor of an unnamed crater. White arrows denote lobate boundaries of the deposit. L
FC21A0014345, 189.8�E/21.6�S. (H) Dark lobate material (dl) at the north-eastern edge of the quadrangle. White arrows indicate the ambiguous boundaries of the small
branch of this halo unit extending from quadrangle Av-14 into Av-13. L FC21A0024898, 269.1�E/22.3�S. (I) Bright crater ray material (bcr) ejected from a crater on the rim of
crater Tuccia. L FC21A0017230, 199.5�E/39�S. (J) Dark crater ray material (dcr) of a small unnamed crater on unit Rrg. White arrow denotes a clear dark ray. L FC21A0016978,
260�E/54.6�S. (K) Complex crater ray material (ccr) ejected by Vibidia. L FC21A0016046 and FC21A0014743, 220.9�E/26.1�S. (L) Bright crater material (bc) east of Antonia.
White arrows denote linear ejecta features. L FC21A0014417, 215�E/59�S. (M) Dark crater material (dc) in the center and south of Antonia crater showing a straight boundary
(white arrows) to other units. L FC21A0014924, 201.5�E/60.5�S. (N) Undifferentiated crater material (uc) of a small impact crater (D = �2.5 km). Differences in albedo and
texture allow for the identification of uc. L FC21A0026372, 183.9�E/44.7�S. (O) Dark material (d) outcrops (white arrows) at the crater wall of Galeria. L FC21A0023133,
230.5�E/28.8�S. (P) Crater wall material (cw) in Eusebia. L FC21A0014750, 202.8�E/40.6�S. (Q) Dark crater floor material (dcf) in Antonia. L FC21A0014923, 201.7�E/58.7�S. (S)
Bright crater floor material (bcf) in Antonia. L FC21A0014923, 200.0�E/58.9�S.
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The unit is characterized by different sets of ridges, grooves, and
scarps at kilometer scale (see Fig. 6A). The slope/scarp surfaces
are smoother than the plains and show no distinct texture. Sur-
faces in between the scarps, ridges, and grooves are covered by
small impact craters and often show traces of ejecta blankets, i.e.,
linear or flow-like surface features. The unit is superimposed by
several craters including Eusebia and Antonia showing low and
high-albedo ejecta blankets. Nevertheless, the characteristic relief
of unit Rrg is still visible through the ejecta blankets.

Interpretation: Following Yingst et al. (2013), unit Rrg consists of
Rheasilvia basin material, heavily disrupted by post-impact pro-
cesses. It is likely the result of extensive gravity-driven mass wast-
ing processes – slumps and landslides – in the interior of the
Rheasilvia basin. The smoother slope/scarp surfaces are possibly
the result of creep or impact-induced seismic shaking.

As described by Yingst et al. (2013), the Rheasilvia ridge-and-
groove material (Rrg) was named after the different sets of ridges
and grooves on the floor of Rheasilvia identified on the image data
acquired in the early phases of the Dawn mission (Survey orbit)
(Russell et al., 2012). However, looking at the slope map and topo-
graphical data derived from the HAMO and LAMO phases (draped
over an elliptical reference body) many of these features do not
show a symmetrical shape, i.e., the features identified as grooves
are not topographic lows and features identified as ridges are not
topographic highs (see Fig. 2D). In particular, this can be observed
in the topographic profile presented in Fig. 4C. Instead of being
ridges and grooves, most of these features only have one sloped
surface and, thus, were mapped as scarps.

In order to derive a CSFD that is representative for the regional
character of unit Rrg in the quadrangle, the craters Eusebia, Tuccia,
and Antonia with their large ejecta blankets were included in the
area used for the crater measurement. Although these craters form
their own geologic units (crater materials) and thus were not
mapped as Rrg, they post-date unit Rrg and have to be used for the
age determination. The boundary of the combined measurement
area is shown in Fig. 1 (white polygon, ID 3a). The derived CSFD of
unit Rrg as shown in Fig. 5C follows the expected production func-
tion provided by Schmedemann et al. (submitted for publication)
in the 3–30 km diameter range. The expected resurfacing due to
slope processes or to the coverage by ejecta blankets seems not to
have been efficient enough to erode or erase craters in the measured
diameter range. Using the CF and PF of Schmedemann et al.
(submitted for publication) the CSFD provides a surface age of
2.31 Ga ± 0.32 Ga that reflects the last large-scale activity on the
floor of the Rheasilvia basin (see Fig. 7). Applying the CF and PF of
O’Brien and Marchi et al. (O’Brien, 2013) the resulting age for this
CSFD would be �1.12 Ga + 128/�129 Ma (right column in Fig. 7).
Marchi et al. (2012) and Schenk et al. (2012a) interpreted the CSFD
on the floor of Rheasilvia to represent the formation age of the basin.

3.5. Rheasilvia scarp wall material (Rsw)

Description: The surface of unit Rsw is smoother than the
surroundings and shows lower frequencies of impact craters (see
Fig. 6C). In the Tuccia quadrangle unit Rsw is mainly located on
the steep slope of the southern scarp of Vestalia Terra. Further-
more, there is a small occurrence of unit Rsw at the western
quadrangle boundary at �40�S and 180�E. This occurrence belongs
to the north-eastern portion of Agonium Rupes, a large scarp in the
Sextilia Quadrangle Av-12 (Krohn et al., 2012; Krohn et al., this is-
sue). The surface of unit Rsw is comparable to the material on the
much smaller scarps within unit Rrg.

Interpretation: The most likely explanation for the smooth sur-
face of unit Rsw is the influence of gravity-driven mass wasting
on steep slopes. Processes like creep or impact-induced seismic
shaking erase small impact craters or surface features on slopes
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(e.g., Titley, 1966; Richardson et al., 2005; Platz et al., 2013) leaving
a surface much smoother than the surrounding areas. Unit Rsw
likely consists of unit Rs or Rrg subsequently modified by gravity-
driven mass movement. Due to these ongoing processes it is impos-
sible to determine a reliable CSFD-based formation age for unit Rsw
(i.e., the formation age of the scarp itself) as the derived CSFDs will
only provide information about the latest activity on the slope.
Thus, no CSF measurements were conducted on unit Rsw.

3.6. Undifferentiated lobate material (ul)

Description: Unit ul is characterized by relatively smooth-tex-
tured to hummocky surfaces and lobate margins. The unit is
mainly located on the floors of impact craters (Fig. 6G) or at the
bases of large scarps, e.g., the two fan-shaped deposits at the
southern scarp of Vestalia Terra (see Fig. 6F). Generally, the crater
densities are lower than on the surrounding material. The albedo in
FC clear filter images is similar to the surroundings and there is no
distinctive color in the color ratio maps.

Interpretation: Williams et al. (2013) interpreted a few discrete
smooth lobate deposits within or close to impact craters to be sug-
gestive of impact melts. Many other lobate deposits were inter-
preted to be associated with gravity driven mass movements,
including rotational landslides, slumps, or talus accumulations
(Williams et al., 2013; Yingst et al., 2013). In quadrangle Av-13
the floor of Eusebia is especially affected by smooth undifferenti-
ated lobate material. CSFD measurements on this unit are
presented in the Eusebia Section 4.1.2. These CSF analyses indicate
younger surface ages for the smooth undifferentiated lobate mate-
rials than for the ejecta blanket of Eusebia itself. This would be con-
sistent with an emplacement related to subsequent landslide
events and inconsistent with an impact melt-related deposition of
the smooth lobate material. We interpret most occurrences of unit
ul in quadrangle Tuccia, in particular the ones with hummocky sur-
faces, to be associated with gravity-driven mass wasting processes
triggered by, for example, impact-induced seismic shaking (e.g.,
Titley, 1966; Richardson et al., 2005) or slope failure due to over-
burden. The mapped deposits are either slump deposits, where
the material moved as more or less intact blocks, or landslide
deposits, where the moved material appears loose/incoherent. Gen-
erally, mass movements seem to be very common in quadrangle
Tuccia because almost the entire southern half of the quadrangle
consists of the Rheasilvia ridge-and-groove material (Rrg), which
is thought to consist of huge gravity-driven slumps and landslides
towards the floor of Rheasilvia (Jaumann et al., 2012b; Schenk
et al., 2012a; Yingst et al., 2013). Because gravity-driven mass
wasting processes are related to steep slopes, the southern scarp
of Vestalia Terra still provides very good conditions for the develop-
ment of mass movements like landslides or slumps. Similar condi-
tions are found on the steep interior slopes of impact craters.

CSFDs on the surfaces of unit ul only provide information about
the latest activity phase of the mass wasting process, which does
not necessarily reflect the emplacement age of the entire mass
wasting deposit. Three deposits were dated: two at the scarp of
Vestalia Terra (IDs 5a and 5c) and one local landslide within the
unit Rrg (ID 5b). The corresponding CSFD plots are shown in
Fig. 5D and indicate surface ages of 92.5 ± 10 Ma, 150 ± 28 Ma,
and 332 + 46/�47 Ma. These very young surface ages indicate
ongoing gravity-driven mass wasting activity in the Rheasilvia ba-
sin. It should be noted here that the mapped local/regional mass
wasting deposits were identified by their pristine morphology,
i.e., by their clear boundaries. Thus, it is likely that several older
landslide or slump deposits, which were emplaced in between
the age determined for the whole unit Rrg (2.31 Ga) and the very
young ages determined for the small scale events presented above,
were not identified and mapped due to their degradation state.
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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Fig. 7. Interpreted correlation of map units as mapped in Fig. 3. Absolute model ages derived from measured CSFDs are given for the PF and CF by Schmedemann et al. as well
as for the functions by O’Brien and Marchi et al.
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Further information on mass wasting processes in the Rheasilvia
region are given by Otto et al. (2013).

3.7. Dark lobate material (dl)

Description: Unit dl has a slightly lower albedo than the
surrounding area and its surface has a relatively smooth appear-
ance only interrupted by small impact craters (see Fig. 6H). There
is only one small occurrence of unit dl at the eastern boundary of
quadrangle Av-13 that is an elongated extension of the dark lobate
material unit in quadrangle Av-14 Urbinia (Mest et al., 2012).

Interpretation: Mest et al. (2012) interpreted the directly con-
nected occurrence of unit dl in quadrangle Av-14 Urbinia possibly
to consist of lobate ejecta or to suggest the locations of ancient lava
flows (Mest et al., 2012).

3.8. Crater materials (uc, bc, dc, bcr, dcr, ccr)

Description: As described by Yingst et al. (2013) crater materials
on Vesta’s surface can be divided into several subunits. Undifferen-
tiated crater material (uc) contains crater rims, floors, and contin-
uous ejecta blankets showing a smoother/less-densely cratered
surface than the surroundings. The albedo of unit uc in FC clear fil-
ter images is similar to the surroundings and the unit is not con-
spicuous in the color ratio map. Bright crater material (bc) also
contains crater rims, crater floors, and continuous ejecta blankets
mantling the underlying surface but has a higher albedo in FC clear
filter images than the surroundings. The ejecta blankets are charac-
terized by very smooth surfaces sometimes with radial, linear, or
flow-like surface features. In the color ratio maps unit bc appears
yellowish to greenish. Dark crater material (dc) was only observed
at the southern rim and on the southern ejecta blanket of Antonia
crater. Unit dc shows an overall lower albedo than the surrounding
areas but consists of a mixture of dark and bright ejecta patches. It
is partly characterized by linear features as well as boulders. Unit
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dc has a bluish appearance in the color ratio map. In addition to
these units, fresh impact craters often show ray materials that
can be subdivided into dark crater ray material (dcr) and bright
crater ray material (bcr). At Vibidia crater, complex crater ray
material (ccr) was also observed. Units bcr, dcr, and ccr form radial
streaks, rays, or patches of halo material that mantles the underly-
ing surface up to a distance of six crater diameters radially from
the crater rim (bright rayed crater on the rim of Tuccia). Here, unit
bcr is distributed relatively symmetrically, whereas dcr and ccr are
asymmetrically distributed around impact craters. The appearance
in the color ratio maps is yellowish to greenish for bcr, bluish for
dcr, and bluish to greenish for ccr.

Interpretation: All crater material units mentioned above were
emplaced by impact processes. Here, unit uc seems to be the oldest
among the crater material units as its spectral signature and the
typical linear ejecta features have already vanished. The relatively
high albedo of unit bc compared to the surroundings indicates that
the ejecta material was relatively recently exposed to the surface
(Pieters et al., 1993, 2012; Reddy et al., 2012b). Furthermore, the
yellowish to greenish appearance of unit bc in the color ratio
map suggests relatively fresh crater deposits because the green
band is primarily a function of mafic mineral absorption band
depth, indicating relatively pristine/un-weathered mafic minerals
(Reddy et al., 2012a, 2012b). Unit dc is probably a mix of low-
and high-albedo, relatively fresh crater materials emplaced by
impact processes. Here, the dark material patches are possibly
excavated from low-albedo lenses/layers in the subsurface (see
Sections 3.9 and 4.3). Crater ray materials (units bcr, dcr, and ccr)
seem to be the most freshly exposed and least weathered among
the ejecta materials as typically only the youngest impact struc-
tures show distinct crater rays (e.g., Hapke, 2001). Comparable to
unit bc, unit bcr likely consists of fresh high albedo materials
excavated from Vesta. Unit dcr possibly consists of low albedo
materials excavated from subsurface layers or lenses of dark mate-
rial. Alternatively, unit dcr could consist of low-albedo material
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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delivered by the impactor (see Section 2.1, Reddy et al., 2012a,
2012b). Unit ccr seems to consist of a mixture of bcr and dcr.

In order to determine the formation ages of the prominent
impact craters we measured CSFDs on the continuous ejecta blan-
kets and crater floors of the respective craters. Although the ejecta
thickness and consequently the ability to obliterate/cover preexist-
ing craters decreases rapidly with increasing distance from the cra-
ter rim (e.g., McGetchin et al., 1973) most of the CSFDs measured
on the relatively thin continuous ejecta blankets show clear resur-
facing signatures even at distances up to one diameter from the
parent rim. Here, the derived CSFDs can be used for the determina-
tion of both the age of the underlying geologic unit and the age of
the emplacement of the ejecta blanket and, thus, the formation of
the impact crater (see Section 2.2 for details). Ages determined in
the regions of the prominent impact craters are given in their
respective chapters.

3.9. Dark material (d)

Description: Unit d is generally characterized by a much lower al-
bedo in comparison to the surrounding material. In color ratio maps
unit d appears bluish or reddish. Unit d is abundant in the Tuccia
quadrangle and is often seen in small outcrops mapped as point
location features. In the detailed maps of the prominent impact cra-
ters, dark material was mapped as an areal material unit. When unit
d is cut by impacts or other processes it seems that the material
moves downslope as fine-grained material and builds up a thin sur-
face layer of low-albedo material which has a slightly higher albedo
than the outcrop of the dark material (see Fig. 6O). Unit d mainly oc-
curs at the boundary/scarp of Vestalia Terra, i.e., at the crater walls
of Galeria, Vibidia, and three other, more degraded craters on the
scarp. Furthermore, there is a small outcrop approx. 20 km east of
Galeria (see Fig. 8). On the floor of Rheasilvia and Veneneia only
two occurrences of unit d were identified, the Antonia crater region
and a small unnamed impact crater at 260.3�E/54.4�S.

Interpretation: From spectral properties, Reddy et al. (2012a,
2012b) and McCord et al. (2012) concluded that the majority of
dark material on Vesta’s surface might consist of exogenic carbona-
ceous chondrite material, which has been seen in HED meteorites
from Vesta (e.g., Buchanan et al., 1993; Zolensky et al., 1996; McS-
ween et al., 2011). Furthermore, Reddy et al. (2012a) and Jaumann
et al. (2012a) concluded from the non-uniform, spatial distribution
of the dark material that the Veneneia impact event might be re-
lated to dark material’s origin. In combination with dynamical
modeling of the Veneneia ejecta, Reddy et al. (2012a) found that
the Veneneia basin might have been formed by a low-velocity car-
bonaceous impactor delivering dark material to the surface of
Vesta.

The spatial distribution of unit d as found in the Tuccia quad-
rangle is in agreement with the emplacement of dark material
within Veneneia ejecta as proposed by Reddy et al. (2012a) and
Jaumann et al. (2012a). Veneneia ejecta should have been em-
placed close to the Veneneia rim on Vestalia Terra and were subse-
quently superposed by the thick ejecta of Rheasilvia. Consequently,
the dark material layers or lenses would, in particular, be visible/
excavated at the bounding scarps of Vestalia Terra, as found in this
study, and at the crater walls of larger craters on the Vestalia Terra
plateau, as found by Buczkowski et al. (this issue).

4. Geology and formation ages of prominent impact craters in
AV-13 Tuccia

4.1. Geology of Tuccia and Eusebia craters

Tuccia crater is located at 40�S and 197�E (Fig. 9A and B) with a
maximum diameter of about 10 km and a minimum of 9.2 km (see
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Table 2). The bright-rayed crater on its rim has a diameter of
�3 km. Tuccia is located on top of a heavily degraded impact crater
which has a diameter of �12.2 km. The eastern rim of Tuccia is
partly degraded and coincides with the eastern rim of the underly-
ing crater structure. The western rim of Tuccia is pristine. The un-
named bright-rayed crater is located on the eastern rim of Tuccia
and accordingly the underlying degraded crater. The green color
of the bright crater ray material (bcr) in the color ratio map sug-
gests that fresh material was excavated from below (see
Fig. 10A). As described in Sections 2.1 and 3.8, fresh material typ-
ically has deeper pyroxene absorption bands that could be due to
abundance of iron in the mineral, a particle size effect, or the ab-
sence of opaques and space weathering (Reddy et al., 2012a,
2012b). In the Tuccia region it is most probably a combination of
iron abundance and particle size. We draw this conclusion from
the following observations. The crater is located at the boundary
of the ancient Veneneia basin, the formation of which is thought
to have delivered dark material to Vesta (Jaumann et al., 2012a;
Reddy et al., 2012a) (see Section 3.9). Several dark material depos-
its are located within this large basin and this gives the overall blue
color to the background surface (see Fig. 10A). The excavation of
fresh material by this impact crater would suggest, a) the material
excavated is deeper than any dark material layer in this region, b)
there is no evidence for a subsurface dark material layer. The mate-
rial excavated by two of the large impact basins in the southern
hemisphere is primarily diogenitic. Diogenites are pure orthopy-
roxene with little or no olivine. Diogenites on average have deeper
absorption bands than eucrites due to a higher abundance of
pyroxene (higher total iron) (Reddy et al., 2010). They also have
a larger grain size on average than eucrites or howardites (Reddy
et al., 2012b).

Eusebia crater is located to the east of Tuccia at 42.5�S and
204.5�E. Eusebia has a diameter of approx. 25.9 km in east–west
direction. However, the diameter measured from the fresh-looking
sharp northern rim to the covered/degraded southern rim amounts
to approx. 29.2 km (see Table 2). The arrangement of scarps and
slopes at the southern rim of Eusebia indicates that the former
southern rim has slumped inwards forming a terrace (see Fig. 9)
whose planar surface is even visible in the topographic profile in
Fig. 11B. Since the southern rim of Eusebia has been displaced
and the remaining degraded rim does not reflect the former rim,
the true diameter of Eusebia can only be measured in east–west
direction. Furthermore, the crater floor of Eusebia is covered by lo-
bate material that is interpreted to be landslide material from the
crater walls. This process might also contribute to the retreat of the
crater rim. However, the amount of this additional retreat is prob-
ably small compared to the widening caused by the formation of
the terrace. The subsequent modifications of Eusebia, i.e., the for-
mation of the terrace and the related displacement of the crater
rim led to a comparatively low d/D-ratio of 0.19, the lowest ratio
of the five prominent craters analyzed in this study (see Table 2).

4.1.1. Age of Tuccia crater
In order to determine the age of Tuccia we measured the crater

size–frequency distributions on its ejecta in several measurement
areas surrounding the impact crater (see Fig. 9A). The crater is
bowl-shaped and thus crater size–frequency distributions in the
interior of the crater are strongly affected by slope processes and
cannot be used for a reliable determination of the age of the impact
event. As mentioned in Section 4.1, the Tuccia region is character-
ized by several impact structures overlapping one another. Thus,
the determination of the age of the Tuccia impact itself is compli-
cated by a number of different impact-related resurfacing events
(see Section 2.2). The locations of the measurement areas (IDs
6a–6e) are shown in Fig. 9A. Measured CSFDs are shown in
Fig. 12A–C. The morphologies of the large-diameter craters within
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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Fig. 8. Outcrop of dark material at the scarp of Vestalia Terra at 237.6�E and 30�S. (A) LAMO FC clear-filter image FC21A0015313 (17.1 m/px), illumination from lower right.
(B) Clementine-type color ratio images (70 m/px) derived from FC color data. (C) Photometrically corrected FC clear filter mosaic (70 m/px) showing albedo differences
between dark-material outcrops, transported dark material and the surrounding materials.
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these measurements are consistent with the impact resurfacing.
These craters are mostly mantled by the ejecta blanket and/or de-
graded by impact-induced seismic shaking (e.g., Richardson et al.,
2005; Thomas and Robinson, 2005). Thus, the CSFD of these craters
provide information about the age of the underlying surface.
Although these model ages (3.5 Ga [ID 6b] and 3.62 Ga [ID 6c])
have large error bars due to the low numbers of craters, they
clearly indicate that the underlying surface is older than 2.6–
3 Ga. The latest resurfacing event in the region took place between
�160 Ma (ID 6c) and �184 Ma ago (ID 6e). One might think that
the bright-rayed crater on Tuccia’s north-eastern rim caused this
resurfacing signature. However, the measurement on the south-
western ejecta blanket of Tuccia also shows a resurfacing age of
�175 Ma (ID 6b, Fig. 12A). This portion of Tuccia’s ejecta blanket
is not superimposed by the bright-ray crater ejecta and, thus, it
is unlikely that the resurfacing event �160 Ma to �184 Ma ago re-
flects the formation age of the bright-rayed crater. Probably, the
ejecta of the relatively small-diameter bright-rayed crater are too
thin to reset the crater record in the measured diameter range even
on the north-eastern part of Tuccia’s ejecta. Consequently, the age
of the bright-rayed crater cannot be determined at this resolution.
Because there is no other younger mid-sized crater close to Tuccia
that might be responsible for the subsequent resurfacing, we inter-
pret the �160 Ma to �184 Ma age to be the formation age of Tuc-
cia. Furthermore, this young formation age is in agreement with
Tuccia’s comparatively high d/D-ratio of 0.26, which is the highest
d/D-ratio of the prominent craters, even higher than the much
younger, similar-sized rayed crater, Vibidia (see Table 2). The
less-distinct resurfacing events in between, i.e., the event 701–
764 Ma ago (IDs 6c, 6d) or the event 2.08 Ga ago (ID 6a), might re-
flect the age of the crater underlying Tuccia. For further discussion
of the formation ages of the prominent craters see Section 5.
4.1.2. Age of Eusebia crater
CSFDs were measured on the north-eastern and southern ejecta

blanket, on the eastern and western part of the terrace in the south
of the crater, and on the lobate deposits on the crater floor. The
locations of the measurement areas (IDs 7a–g) can be seen in
Fig. 9A. The corresponding CSFDs are shown in Fig. 12D–F. Compa-
rable to the Tuccia crater, the age of the underlying surface of Euse-
bia is probably older than �2–3 Ga (3.40 + 0.17/�1.5 Ga [ID 7b]
and 3.42 + 0.16/�1.4 Ga [ID 7a]). Both the latest resurfacing event
on the ejecta blanket, as well as the ages on the terrace in the south
of the crater, are in the range between 208 Ma (ID 7a) and 259 Ma
(ID 7f). Four of the five of these measurements indicate ages
between 208 Ma and 221 Ma (IDs 7a, b, g, h). Comparable to the
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adjacent Tuccia region, there are no impact structures close to
Eusebia that were capable of subsequently modifying the CSFDs
on Eusebia’s southern and north-eastern ejecta blanket. Thus, we
interpret the latest resurfacing event (208–221 Ma) to have been
caused by the ejecta emplacement of Eusebia (see also Section 5).
The measurement area on the north-eastern ejecta blanket might
indicate an additional possible resurfacing event at 1.05 ± 0.27 Ga
(ID 7a) which is, considering the errors of ±270 Ma, comparable
to the resurfacing event in the Tuccia region at 701–764 Ma (ID
6c, d). As mentioned in Section 4.1.1, this resurfacing event might
reflect the age of the crater superposed by the Tuccia crater. The lo-
bate deposits on the crater floor of Eusebia show a crater retention
age of �140 to �170 Ma (IDs 7c, d, e) indicating that mass wasting
processes subsequently modified Eusebia about 50 Myr after its
formation (see also Section 3.6).
4.2. Geology of Vibidia and Galeria craters

Vibidia crater is located at 27�S and 220�E with a diameter of
�7.8–8.5 km. Vibidia is a bowl-shaped bright-rayed crater with a
d/D-ratio of 0.22 that also excavated dark material, which is visible
on parts of the crater floor and at the eastern crater rim (see
Figs. 6K and 9C). The Vibidia impact happened on the south-wes-
tern edge of the Vestalia Terra highland on a moderate slope of
around 10–15� (see Fig. 11C). Nevertheless, Vibidia is a so-called
‘‘asymmetric’’ crater with a sharp, pristine rim on the uphill side
of the crater and a degraded/covered rim on the downhill side (Jau-
mann et al., 2012b; Krohn et al., 2013). Comparable crater mor-
phologies are observed on other bodies in the Solar System, e.g.,
the Moon or Lutetia (Plescia, 2012; Schenk et al., 2012b; Vincent
et al., 2012a). However, asymmetric craters, which are likely the
result of impacts on steep slopes (Jaumann et al., 2012b), seem
to be unusually common on Vesta (Schenk et al., 2012b). Probably
this is the result of Vesta’s significant relief compared with its ra-
dius (Jaumann et al., 2012b). Several formation mechanisms for
the asymmetric development of crater rims on Vesta were pro-
posed by Jaumann et al. (2012b), including ballistic ejecta coverage
of the down-slope rim, incomplete formation of the rim, and mass
wasting processes. However, using hydrocode modeling, Krohn
et al. (2013) have shown that the observed morphologies of asym-
metric craters might be explained best by oblique impacts on steep
slopes producing asymmetrical ejecta emplacement.

In contrast to most of the craters in the Tuccia quadrangle, a
large number of blocks/boulders can be found on the floor of Vibi-
dia as well as within a vicinity of about one diameter of the crater
rim. The typical block size is around 100–150 m. Here, the block
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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Fig. 9. Geology of Tuccia, Eusebia, Vibidia, Galeria, and Antonia. Left column (A, C, and E): LAMO FC clear-filter image mosaic (20 m/px) with measurement areas (white
polygons) used for CSF-based age determinations shown in Figs. 12 and 13. White lines show locations of topographic cross sections shown in Fig. 11. Right column (B, D, and
F): Detailed geologic maps of craters Tuccia, Eusebia, Vibidia, Galeria, and Antonia. Geologic units that were mapped in the detail maps only (not in the quadrangle map) are
described in Table 3.
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Fig. 10. Clementine-type color ratio maps of Tuccia (A), Vibidia (B), Galeria (C), and Antonia (D) derived from FC color data. Black areas close to the north-eastern crater rim of
Antonia are due to shadow-related lack of data.
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size seems to decrease with increasing distance from the crater
rim. The block density is much higher within the crater bowl than
outside.

Vibidia is a bright-rayed crater which, however, also excavated
small amounts of dark material. This led to the deposition of
complex crater ray material (ccr) on the floor of Vibidia and in
close vicinity to the north-western crater rim (Fig. 6K). A possible
outcrop of the dark material ejected by the Vibidia impact is the
eastern crater wall, i.e., the crater wall escarping Vestalia Terra.

Vibidia shows three distinct compositional layers in color ratio
maps (Fig. 10B). The blue colored material is the dark material that
is thought to be remnant carbonaceous impactor material (Reddy
et al., 2012a, 2012b) (see also Section 3.9). This material has an
overall blue slope and subdued pyroxene absorption bands, which
gives rise to the blue color in the color ratio image. The fresh mate-
rial with deeper pyroxene bands manifests itself as green/cyan
color in Fig. 10B. Based on the depth of the pyroxene absorption
this material is thought to be in situ, predominantly diogenitic in
nature. The bright orange material is similar to those seen around
larger impact craters such as Oppia in the northern hemisphere. Le
Corre et al. (2013) interpreted this material as impact melt. Based
on the distribution of material around Vibidia one can hypothesize
a few scenarios for its formation. In scenario A, the dark material
and the impact melt would have been delivered/formed during
the formation of the larger basins (Veneneia or Rheasilvia) and
the impactor that formed Vibidia simply excavated this subsurface
material. In scenario B, a small dark carbonaceous impactor
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excavated the bright material and during this process created the
impact melt seen around Vibidia. The impact velocity in this
scenario is critical because it has to be slow enough for the impac-
tor material to survive but still high enough for impact melt
production (Reddy et al., 2012a).

Galeria crater, located approx. 30 km east of Vibidia at 30.1�S
and 228.2�E, is also an asymmetric crater with a sharp, pristine cra-
ter rim on the northern crater side and a degraded rim on the
southern (see Fig. 11D). Galeria has a diameter of 24.0–24.7 km
and is located on the edge of the scarp bounding Vestalia Terra. Al-
most the complete southern and western rim is heavily affected by
erosion or by asymmetric crater ejecta emplacement. Only the
north-eastern part (approx. one quarter) of the rim is pristine/
sharp.

Like Vibidia, Galeria crater exhibits outcrops of dark material on
the crater wall escarping Vestalia Terra. Here, the dark material is
located in layers or lenses approximately 500–1300 m below the
north-eastern crater rim, which is in agreement with the global
average found by Yingst et al. (2013). Patchy dark material from
these outcrops is moving downhill towards the crater center.

In addition to the degraded state of the morphology, the FC-col-
or data also indicate an older age of Galeria relative to Vibidia. The
crater ejecta are not so fresh as is evident from the lack of greenish
diogenite-rich material that is typical of other fresh impact craters
(Fig. 10C). Distinct patches of orange and blue material in the color
ratio maps dominate the crater walls. The blue material here is the
exogenous carbonaceous material similar to Vibidia (Reddy et al.,
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,

http://dx.doi.org/10.1016/j.icarus.2014.02.012


Fig. 11. Topographic profiles and interpreted cross-sections across Tuccia, Eusebia, Vibidia, Galeria, and Antonia depicting interpreted vertical and lateral relationships
between geologic units as mapped in Fig. 9B, D, and F. Cross-section locations are shown in Fig. 9A, C, and E. Heights of the topographic profiles refer to a 2-axial reference
ellipsoid of 285 � 229 km (radii) and have no vertical exaggeration.
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2012a) and the orange material might be of impact melt origin (Le
Corre et al., 2012a, 2013). All three color units appear to originate
from a subsurface layer that is exposed along the crater walls due
to mass wasting forming the landslide deposits on the crater floor.

4.2.1. Age of Vibidia crater
Because superposed impact craters on the bowl-shaped crater

floor can be easily erased by slope-related mass wasting processes
like creep, we only measured CSFDs on the almost planar crater-
ejecta blankets of Vibidia. In order to account for local differences
and compare the results, two opposing areas have been chosen as
shown in Fig. 9C. Both CSFD measurements (IDs 8a, b; Fig. 13A)
show clear resurfacing signatures. Because craters of larger diame-
ters (approx. >400 m in the southern measurement [ID 8b, green
squares] and >200 m in the northern measurement [ID 8a, black
squares]) are heavily modified by superimposed ejecta, these cra-
ter sizes are interpreted to provide information about the age of
the underlying unit. The resulting ages for the underlying terrain
of 843 ± 320 Ma in the south and 915 ± 210 Ma in the north are
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comparable and provide overlapping error bars. The left part of
the curves, i.e., fresh superposed craters with diameters of approx.
<100 m in the southern and <80 m in the northern measurement,
report the age of the ejecta blanket itself. The resulting ages of
10.5 ± 0.7 Ma (ID 8a) and 8.69 ± 0.38 Ma (ID 8b) reflect the mini-
mum age for the Vibidia impact formation (see also Section 5).
4.2.2. Age of Galeria crater
Because three-quarters of the crater rim is heavily degraded due

to its location on the scarp of Vestalia Terra and because the crater
floor is modified or covered by slump and landslide deposits, the
determination of the formation age of Galeria is complicated. How-
ever, the adjacent area close to the north-eastern rim, i.e., a part of
the Vestalia Terra terrain that is covered by ejecta of Galeria, is al-
most planar and, thus, provides a promising basis for a reliable age
determination (ID 9a, Fig. 9C). The measured CSFD is shown in
Fig. 13B and follows the expected production function consistently
over �11 crater bins. The resulting age of approx. 225 ± 16 Ma (ID
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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Fig. 12. Cumulative crater size–frequency distribution plots for the Tuccia and Eusebia Impact regions. Measurement areas are shown in Fig. 9. See Table 1 for measurement
details.
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9a) likely reflects the formation age of the Galeria crater (see also
Section 5).
4.3. Geology of Antonia crater

Antonia is located at 60�S and 200�E with a diameter of approx-
imately 14.8–15.6 km. Antonia is situated close to the region with
the lowest elevation on Vesta, with depths of approx. 21 km below
the reference ellipsoid. The floor of Antonia itself is approximately
17.6 km below the reference ellipsoid. Like many other impact
craters on Vesta, Antonia’s morphology appears to be heavily
affected by the underlying topography. Antonia shows a sharp,
un-degraded crater rim in the up-slope direction (north) and a
highly degraded/covered crater rim in the down-slope direction
(south). In contrast to most of the other asymmetric craters, the
loose material covering the southern rim of Antonia has a lower
albedo than the surrounding material.

The bright ejecta blanket (unit bc) surrounding the crater exhib-
its typical ejecta morphologies like radial, linear, smooth surface
features (see Fig. 6L). The top-most part of the northern crater wall
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of Antonia seems to consist of an approximately 400 m thick layer
of dark (low-albedo) material (unit d). However, this outcrop has a
higher albedo than the dark material outcrops at the scarp of
Vestalia Terra. The dark layer at Antonia’s northern crater wall pos-
sibly superimposes a thin layer of brighter material (see Fig. 14A
and C). The dark material seems to have moved downslope as a
fine-grained material and accumulated on lower parts of the crater
slope. The floor of Antonia, i.e., the lowest parts of the crater walls,
is covered by two different types of crater floor materials. The wes-
tern portion of the crater floor material is a relatively smooth,
bright deposit and was mapped as bright crater floor material
(bcf, Fig. 6R). In addition to the crater floor this material also covers
parts of the western rim of Antonia and even a small area outside
the crater. Unit bcf seems to be partly covered by the dark material
(d) moving downslope. Furthermore, it is superposed by unit dc.
The eastern part of the crater floor material has a lower albedo
than the western and, thus, it was mapped as dark crater floor
material (dcf, Fig. 6Q). However, it is still brighter than the material
covering the southern rim of Antonia (dc). Furthermore, it has a
rougher texture than unit bcf and shows lobe-shaped structures
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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indicating down-slope movement. Following Krohn et al. (2013),
the dark loose material covering the southern rim of Antonia is
likely ejecta emplaced asymmetrically due to an impact on a steep
slope. This material was mapped as dark crater material (dc) and
consists of a mixture of dark and bright patches. Unit dc is located
in the south-west, south, south-east, east, and partly north-east of
Antonia. There is also a small occurrence of this material in the
north-west of Antonia. The contact between dc and bcf on the cra-
ter floor indicates that dc superimposes bcf. Due to the fact that bcf
can also be found on parts of the rim and outside the crater we
Fig. 13. Cumulative crater size–frequency distribution plots for the Vibidia, Galeria, and A
measurement details.
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interpret unit bcf to have been asymmetrically ejected by the im-
pact process similarly to the dark crater material (dc). This might
indicate that two layers of ejecta were emplaced on the southern
rim, first unit bcf followed by unit dc. Impact craters with two or
more ejecta layers have also been observed on the surface of Mars
(e.g., Barlow et al., 2000). They are interpreted to be tied to ejecta-
fluidization processes (e.g., Carr et al., 1977; Gault and Greeley,
1978) likely caused by vaporization of subsurface volatiles (e.g.,
Carr et al., 1977; Wohletz and Sheridan, 1983) or an interaction
of the ejecta with the martian atmosphere (Schultz and Gault,
ntonia impact crater regions. Measurement areas are shown in Fig. 9. See Table 1 for
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1979; Barnouin-Jha and Schultz, 1998). However, as a result of the
ejecta-fluidization martian multi-layer craters show distinct mor-
phologies, such as lobate deposits and distal ridges (ramparts)
(e.g., Carr et al., 1977). These morphologies have not been observed
on Vesta. Thus, it is rather unlikely that the ejecta blanket of Anto-
nia can be explained by the mechanisms mentioned above. The
two different ejecta deposits of Antonia might be the result of
the interaction of an impact on a steep slope and different layers
in the target region. However, this is highly speculative and has
to be tested in detail, e.g., by improved numerical modeling.

The observed morphologies and stratigraphic relationships of
the local units led to the following interpretations/conclusions
regarding the sequence of events in the Antonia region.

(1) The Rheasilvia ridge-and-groove material (Rrg) at least
locally exhibits layers/patches of relatively dark material
that might be seen on top of the northern crater wall of
Antonia.

(2) The Antonia impact on a slope led to the asymmetrical
emplacement of at least two layers of ejecta. The first one
consists of bright material and is still visible on the western
part of the crater floor (unit bcf) as well as on the plateau
surrounding Antonia (bc). The second ejecta layer is darker
(unit dc) and overlays the first layer (Fig. 11E). The dark
component of this mixed material might originate from
the dark material layer at the top-most part of the northern
Fig. 14. Perspective view of Antonia crater. View directed to the north-western crater w
mapping phase (20 m/px). (B) Color-coded DTM (92 m/px) overlaid on the FC clear filter m
differences of different materials existent in the Antonia impact region. (D) Clementine-ty
rim on the right-hand side of Antonia are due to a shadow-related lack of data.
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crater wall. Alternatively, the dark material could have been
excavated from the deeper subsurface of Antonia and the
dark layer at the top-most part of the northern crater wall
may consist of dark ejecta material comparable that on the
southern crater rim.

(3) The darker crater floor material in the eastern part of Anto-
nia’s floor might be a mixture of dark and bright ejecta mate-
rial which originally was emplaced on the north-eastern
crater wall (the part of the crater wall that is located beneath
the north-eastern occurrence of unit dc). This material prob-
ably moved downslope towards the crater center leading to
the rough texture and the lobe-shaped features.

(4) Finally, the latest and possibly ongoing process is the grav-
ity-driven down-slope movement and accumulation of dark,
fine-grained material from the outcropping dark layer on the
top of the northern crater wall.

In order to constrain the surface composition and identify the
origin and nature of the dark material in the Antonia region we
used the Clementine-like color ratio maps. In the color ratio images
(Figs. 10D and 14D), the dark crater material (unit dc), the dark
material layer on the top of the northern crater wall, and the
accumulated dark material in the mid-range of the crater slope
appear bluish indicating a weaker visible spectral slope and shal-
lower absorption band depth (Reddy et al., 2012b). Color spectra
of the dark material confirm the findings of the color ratio maps.
all. Diameter of the crater is approx. 15 km. (A) FC clear filter mosaic from LAMO
osaic. (C) Photometrically corrected FC clear filter mosaic (70 m/px) showing albedo
pe ratio image derived from FC color data (�60 m/px). Black areas close to the crater
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Normalized color spectra of the dark material, bright material from
the crater wall and global surface average of Vesta are shown in
Fig. 15. The spectra were normalized to unity at 0.75 lm. The
average reflectance of d, dc, and dcf material at 0.75 lm is 7%, in
contrast the average reflectance of bcf is at 16% and 29% for cw.
A plot of reflectance vs. absorption band depth shows that the
three types of material form a continuum with the cw material
being the most pristine and d, dc, dcf being the darker, likely exog-
enous material. The impact mixing of these material leads to the
formation of the intermediate bcf material.

Compositional analysis of these three units suggests that the cw
material is pristine surface regolith primarily of howarditic compo-
sition and the d, dc, dcf material is linked to remnant exogenous
carbonaceous chondrite impactor (McCord et al., 2012; Reddy
et al., 2012a) (see also Section 3.9). Mixing of these end members
due to impact gardening and seismic shaking gives rise to the
intermediate bcf material.
4.3.1. Age of Antonia crater
Crater size–frequency distributions were measured on the east-

ern and western ejecta blanket (bc) of Antonia as well as on the
dark ejecta material (dc) located inside Antonia and in close vicin-
ity to the southern crater rim. Locations of the CSFD measurement
areas (IDs 10a–e) are shown in Fig. 9E. The age of the underlying
terrain can be determined using the larger craters (>1 km) that
are still visible through the ejecta blanket. These craters provide
an age of 1.45 ± 0.64 Ga (ID 10e, Fig. 13C). The age of the ejecta
blanket itself and, thus, of the impact of Antonia, was determined
to be between �18.5 ± 1.2 Ma (ID 10e) and 23.7 ± 1.1 Ma ago (ID
10a). The slightly different ages of these two measurements might
be a result of local variations in target properties, the application of
the resurfacing correction, or a slight difference in the fitting range.
We interpret these measurements to indicate a formation age of
Antonia of �20 Ma ago (see also Section 5). This relatively young
age of Antonia is consistent with the fresh-looking morphology,
i.e., the sharp rim of the northern part of Antonia and the high
number of boulders in the Antonia region. The age derived on
the dark ejecta material (unit dc) inside and south of Antonia is
lower (3.42 ± 0.69 Ma [ID 10b], 9.57 ± 1.4 Ma [ID 10c],
12.9 ± 1.4 Ma [ID 10d]) (see Fig. 13D) than on the ejecta blankets
east and west (ID 10a and ID 10e, respectively) indicating that
the material was modified after the formation of Antonia, possibly
due to gravity-driven mass wasting processes. Alternatively, the
young ages might be a result of the difficulty of crater identifica-
tion on this rough, low-albedo unit. The less distinct age of
126 ± 72 Ma (ID 10d) as determined in one of the measurements
on the southern deposits might reflect a different resurfacing event
in the Antonia impact region.
Fig. 15. Color spectra of dark material (black) and bright material from the crater
wall (light gray) of Antonia along with average color spectrum of Vesta (dark gray).
The spectra were normalized to unity at 0.75 lm. Dark material has weaker
absorption band depth than brighter material from crater walls. The mixing of these
compositionally distinct materials gives rise to an intermediate albedo material
similar to bcf/dcf material.
5. Discussion

5.1. The age of Rheasilvia

Marchi et al. (2012) and Schenk et al. (2012a) proposed a forma-
tion age for Rheasilvia of �1 ± 0.2 Ga mainly based on a CSFD mea-
surement of the entire floor of Rheasilvia. Applying the chronology
function (CF) and production function (PF) of O’Brien et al. and
Marchi et al. to our measurement on unit Rrg (area ID 3a) we de-
rived an age of �1.12 Ga + 128/�129 Ma on the floor of Rheasilvia
that is more or less consistent with the original measurement by
Marchi et al. (2012) and Schenk et al. (2012a). This indicates that
there is no major difference in the crater identification and mea-
surement techniques between their CSFD measurements and the
measurements carried out in this work. When using the CF and
PF of Schmedemann et al. (submitted for publication), the same
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CSFD measured on the floor of Rheasilvia (unit Rrg) provides a sur-
face age of 2.31 Ga ± 320 Ma (ID 3a) (see stratigraphic column in
Fig. 7). Because of the fact that the CF by Schmedemann et al. (sub-
mitted for publication) and the CF by O’Brien et al. (submitted for
publication) are nearly identical over the time range from the pres-
ent back to �3 Ga ago, the age difference for unit Rrg is mainly the
result of the different PFs. Regardless of which chronology system
is used for the age determination of the floor of Rheasilvia, it
should be expected that CSFDs on the surface of Rheasilvia’s ejecta
do not show ages higher than the formation age of Rheasilvia. The
Rheasilvia smooth material (unit Rs) has been interpreted to be
emplaced/formed by the Rheasilvia impact (Yingst et al., 2013).
As described in Section 3.3, CSFDs on unit Rs differ from east to
west (see Fig. 5C). The surface age of the eastern part of Rs is com-
parable to the age of unit Rrg (Rrg: 2.31 ± 0.32 Ga [ID 3a]; Rs:
2.47 Ga + 0.55/�0.63 Ga [ID 2a] using the CF and PF of Schmede-
mann et al.). However, on the western part of unit Rs, i.e., on the
former floor of the Veneneia basin that was heavily re-shaped/
modified by the Rheasilvia impact event (Schenk et al., 2012a),
the CSFD indicates a surface age higher than the ridge-and-groove
material (3.46 + 0.09/�0.22 Ga for Rs [ID 2b] and 2.31 ± 0.32 Ga for
Rrg). The shape of the CSFD might suggest that there was a resur-
facing process that ended �1.7 Ga ago (ID 2b). This resurfacing sig-
nature might imprudently be interpreted to be caused by the
Rheasilvia impact. However, except for one unnamed crater, the
morphology of the craters responsible for the definition of the
higher age, i.e., craters in the diameter range between 5 and
20 km, do not show any evidence of mantling by extraneous ejecta
material. Thus, Rheasilvia and its ejecta cannot have been respon-
sible for the resurfacing signature at �1.7 Ga. Furthermore, Schenk
et al. (2012a) stated that the Rheasilvia impact obliterated all pre-
existing craters �20 km to a distance of 50 km from the Rheasilvia
rim, i.e., most of our CSF measurement area for this unit. Thus, the
CSFD on that part of the floor of Veneneia has to be as young as or
younger than the Rheasilvia basin indicating that the Rheasilvia
basin has to be older than 3.46 + 0.09/�0.22 Ga, i.e. much older
than suggested by the CSFD on the basin floor. Consequently, the
floor of the Rheasilvia basin must have been subsequently modi-
fied, probably by large-scale mass wasting/resurfacing processes.

Furthermore, it is important to emphasize that this main con-
clusion does not change if the chronology system by O’Brien
et al. and Marchi et al. is used (ages in the right column in
Fig. 7). Applying this system one gets an age of 3.8 Ga + 0.5/
�1.3 Ga for unit Rs on the floor of Veneneia much older than the
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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age of �1.1 Ga + 0.1/�0.1 Ga as derived from the basin floor (unit
Rrg).

Comparable to the measurement on the floor of Veneneia, the
two measurement areas for unit cp are located directly at the
rim of Rheasilvia and, thus, these measurements might help to fur-
ther constrain the formation age of Rheasilvia. Both measurements
provide surface ages higher than that determined on unit Rrg.
However, due to their small measurement areas and the accord-
ingly low numbers of large craters, both measurements show very
large age uncertainties (2.99 + 0.37/�1.10 Ga [ID 1b] and
3.41 + 0.15/�1.10 Ga [ID 1a]) and, thus, these measurements do
not help to constrain the formation age of Rheasilvia more
precisely.

5.2. Prominent mid-sized impact craters

Vincent et al. (2013) observed that the beginning of the transi-
tion from simple to complex craters on Vesta might be seen at
�38 km. Consequently, all craters investigated in this study (8–
27 km) should have been formed as simple, bowl-shaped craters.
This is in agreement with our morphological observations, i.e., they
are missing central peaks or peak rings.

Vibidia and Antonia represent the least degraded craters among
the craters investigated in this study. They show relatively pristine
crater rims, typical fresh ejecta features, as well as high numbers of
boulders/blocks in the close vicinity to the craters. Furthermore,
the ejecta blankets of both craters have a strong greenish appear-
ance in the color ratio maps indicating fresh diogenite-rich mate-
rial (see Sections 2.1 and 3.8, Reddy et al., 2012a, 2012b). These
findings are consistent with their young formation ages as derived
through CSFD analyses. Tuccia also shows a relatively pristine cra-
ter rim. Its ejecta, however, lack the strong spectral signature
observed for Vibidia and Antonia. Only the regions covered by
the fresh ejecta deposits of the much younger bright-rayed crater
on Tuccia’s rim are clearly visible in the color ratio maps. Eusebia
and Galeria show much more degradation than Vibidia, Antonia,
and Tuccia. They already show a rich variety of mass wasting
deposits like slumps and landslides on their crater floors and the
linear features on their ejecta blankets are less distinct. The ejecta
of Eusebia are less distinct in the color ratio map than the ejecta of
Vibidia or Antonia. The greenish appearance of Galeria’s ejecta at
the scarp and on the plateau of Vestalia Terra has almost com-
pletely vanished. Generally, the degradation state and appearance
in the color ratio data of the five prominent craters investigated in
this study are consistent with their relative age sequence as de-
rived from CSFD analyses. This confirms the general suitability of
the usage of small-scale crater populations for (at least) relative
age determinations. However, local CSFD variations on ejecta blan-
kets partly complicate the determination of stratigraphic relation-
ships as they sometimes provide a relatively wide range of possible
formation ages. For instance the sequence of Eusebia (208 ± 12 Ma
to 259 ± 25 Ma [ID 7a, b, f, g, h]) and Galeria (225 ± 16 Ma [ID 9a])
is not unambiguous from CSF data, although color ratio data indi-
cate that Galeria is probably older than Eusebia.

Concerning the absolute crater formation ages it is remarkable
that all the determined ages are in the range between 10 Ma and
260 Ma, i.e., all the investigated craters seem to have formed rela-
tively recently. Several scenarios are considered for this accumula-
tion of relatively young crater formation ages:

(A) One possibility is that the resurfacing signatures on the
ejecta blankets of Tuccia, Eusebia, Vibidia, and Antonia,
which were interpreted to represent the formation ages of
the craters, are actually caused by other, subsequent resur-
facing events. However, as already described in Sections
4.1.1 and 4.1.2 there are no craters observed in close vicinity
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to, e.g., Tuccia or Eusebia, whose ejecta emplacement or seis-
mic shaking could be responsible for the resurfacing signa-
tures observed in the CSFDs of Tuccia and Eusebia. The
only explanation for the distinct resurfacing signatures that
are consistent without the influence of an additional impact
crater would be large-scale gravity-driven mass movement
in the interior of Rheasilvia. However, such an event would
create a homogeneous age signature over the whole area
instead of two different signatures surrounding Tuccia and
Eusebia, respectively. The same applies to the resurfacing
signatures on the ejecta of Antonia. If the obliteration of
the small-diameter craters had been caused by a large-scale
mass wasting event, the �20 Ma-resurfacing age signature
should also appear in the close-by Tuccia–Eusebia region,
but it does not. Thus, we interpret the resurfacing signatures
on the ejecta blankets to represent the formation ages of the
respective craters.

(B) A second explanation for the high frequency of young craters
in the Tuccia quadrangle is the influence of the chronology
system used for the age extraction. As described above, we
made use of the system of Schmedemann et al. (submitted
for publication) and derived ages in the range between
10 Ma and 260 Ma. Using the chronology system of O’Brien
et al. (2012) and Marchi et al. (2013) the same CSFD mea-
surements result in older crater formation ages ranging from
�50 Ma for Vibidia up to �900 Ma for Eusebia (see also
Table 1 and Fig. 7). As described in Section 2.2, the two CFs
are almost identical for younger surfaces (<3 Ga) and, thus,
the resulting age difference is mainly due to the shape of
the PF curves. However, the slope of the PF by Marchi
et al. (2013) is too shallow in order to properly fit several
undisturbed, steep CSFDs measured on the ejecta blankets.
Three CSFD measurements on Antonia, Galeria, and Eusebia,
all without resurfacing signatures, are shown in Fig. 16. The
steeper PF of Schmedemann et al. (submitted for publica-
tion) (black solid and dashed line) seems to fit better to
these CSFD than the shallower PF of Marchi et al. (gray solid
and dashed line), suggesting that the PF of Schmedemann
et al. is closer to reality. Moreover, the CSFD measurement
on the ejecta blanket of Galeria, which seems morphologi-
cally to be one of the oldest of the investigated craters,
includes craters up to a diameter of 830 m, which is very
close to the reference diameter of 1 km used in the CFs
(see Fig. 16B). Consequently, the influence of the PF shape
is reduced for this specific measurement, because the mea-
surement does not need to be extrapolated very far in order
to reach the reference diameter of the CF. Therefore, the
resulting age difference between the two systems is rela-
tively low (225 ± 16 Ma compared to 323 + 106/�107 Ma).
As described above, the degradation state of Galeria indi-
cates that it should be older or at least in the same age range
as the fresher-looking Tuccia and Eusebia craters. Using the
chronology system of O’Brien et al. (2012) and Marchi et al.
(2013), the ages derived for Tuccia and Eusebia are in the
range of �600–900 Ma, much older than the age derived
for Galeria. The results from the chronology system of Sch-
medemann et al. (submitted for publication) seem to be
more consistent with the crater sequence indicated by the
degradation state of the craters.

(C) The third and probably simplest possibility is that the high
frequency of young crater ages is due to the fact that only
the morphologically remarkable/prominent impact craters
were investigated in this study. The Tuccia quad additionally
contains several less conspicuous mid-sized impact craters,
like the one that is superposed by the Tuccia impact, the cra-
ters at the base of the southern scarp of Vestalia Terra, or the
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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Fig. 16. Cumulative crater size–frequency distributions, production–function fits, and resulting surface ages from selected measurement areas on Antonia (A), Galeria (B), and
Eusebia (C). The steeper PF of Schmedemann et al. is shown as black solid line (fit range) and black dashed line (isochron). The shallower PF of Marchi et al. is shown as gray
solid and dashed lines, respectively.
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heavily degraded impact structures north of Antonia. Their
degraded morphologies indicate formation ages much older
than 260 Ma. Unfortunately, it is almost impossible to date
the degraded impact structures, because their ejecta blan-
kets and crater floors are completely covered by subsequent
ejecta and/or modified by slump/landslide events. This pre-
vents a closer look at the absolute age distribution of all
mid-sized craters found in the quadrangle. However, the
determined d/D ratios are in agreement with the proposed
scenario. Except for Eusebia, whose crater rim and floor
was heavily modified by the substantial displacement of
the southern rim, all investigated mid-sized craters show
higher d/D ratios than the average value of the quadrangle
(ø = 0.195, n = 34, using all craters larger than Vibidia
(8.2 km)).

Irrespective of the relative age distribution, the high frequency
of young (<300 Ma) mid-sized craters in quadrangle Tuccia is in
agreement with the high cratering rate on Vesta, which is �24
times higher than the cratering rate on the Moon (O’Brien et al.,
submitted for publication; Schmedemann et al., submitted for pub-
lication). Here, the shape of the PF of Schmedemann et al. predicts
a total number of �39 craters larger than 10 km and younger than
300 Ma over the entire surface of Vesta. The shallower PF by Mar-
chi et al. even predicts �70 craters of this age and size. No matter
which model is used, both of them indicate that young (<300 Ma)
mid-sized craters are no rarity on the surface of Vesta. This predic-
tion gets support by the first age determinations in other regions
(mapping quadrangles) of Vesta showing comparable young age
results for several prominent mid-sized craters (Le Corre et al.,
2013; Ruesch et al., this issue; Williams et al., this issue-a). Ruesch
et al. (this issue) determined the ages of seven prominent impact
craters (�11 to �63 km in diameter) in the northern hemisphere
of Vesta. Four of them show ages less than 200 Ma, the others
are �370, �470, and �630 Ma old. The prominent crater Marcia
(58 km) seems to be �120–150 Ma old (Williams et al., this
issue-a) and the craters Oppia (34 km) and Octavia (30 km) are
�270 Ma and �370 Ma old (Le Corre et al., 2013).

Assuming our determined crater formation ages are realistic, the
advanced state of ejecta degradation seems remarkable considering
Please cite this article in press as: Kneissl, T., et al. Morphology and formation
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the relatively young formation ages of Eusebia and Galeria of less
than �300 Ma. This might be explained by the high impact rate
on Vesta, which probably speeds up the physical degradation of
ejecta features. Additionally, impacts in low-gravity fields of small
bodies produce more widespread, discontinuous ejecta deposits
and less continuous ejecta blankets compared to the same impact
event in a high-gravity environment of a large planet (e.g., Cintala
et al., 1978; Bogard, 1995). These thinner deposits might be de-
graded much faster by subsequent impact gardening or gravity-dri-
ven mass wasting processes than thicker continuous ejecta
blankets. Additionally, the process of ‘‘space weathering’’ seems
to be completely different on the surface of Vesta from the Moon
(Pieters et al., 2012). The accumulation of nanophase iron particles,
which is believed to be responsible for the weakening of specific
absorption bands on the Moon (Pieters et al., 2000) and other airless
bodies (Hapke, 2001), seems to be absent on the surface of Vesta
(Pieters et al., 2012). Instead of the accumulation of nanophase
metallic particles, small-scale regolith mixing seems to be the driv-
ing force for space weathering (Pieters et al., 2012). This different
form of space weathering in combination with diffuse/thinner ejec-
ta blankets and the higher impact rate might explain the high deg-
radation state and the lack of strong spectral signatures of relatively
young impact crater ejecta on the surface of Vesta.
6. Conclusions

� Dark-material outcrops in Vibidia, Galeria, and in other, older
impact craters at the southern/south-eastern scarp of Vestalia
Terra indicate that dark material exists in layers or lenses in
the subsurface of Vestalia Terra. This is consistent with the pro-
posed emplacement mechanism for dark material within Vene-
neia ejecta as proposed by Reddy et al. (2012a) and Jaumann
et al. (2012a).
� Age differences between the Rheasilvia floor and regions adja-

cent to the Rheasilvia rim indicate extensive subsequent modi-
fications of the interior of the basin probably due to gravity-
driven mass wasting processes. CSFDs on the Rheasilvia smooth
material (Rs) indicate a formation age of Rheasilvia older than
�3.4 Ga (using the lunar-like PF and CF by Schmedemann
ages of mid-sized post-Rheasilvia craters – Geology of quadrangle Tuccia,
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et al.) or �3.8 Ga (using the functions by O’Brien and Marchi
et al.). This is in agreement with the findings of Schmedemann
et al. (submitted for publication) and in disagreement with
Marchi et al. (2012) and Schenk et al. (2012a).
� Several young landslide and slump deposits in the interior of

Rheasilvia, as well as age differences between the ejecta of the
investigated craters and the deposits on their floors (e.g., the
lobate deposits in Eusebia) indicate ongoing gravity-driven
mass wasting processes in the Rheasilvia region and in mid-
sized craters on Vesta.
� All investigated impact craters show very young crater reten-

tion ages in the range of �10 Ma to �260 Ma (using the
lunar-like PF and CF by Schmedemann et al.). This is consistent
with the high cratering rate on Vesta.
� Although relatively young (<300 Ma), Galeria and Eusebia

already show relatively diffuse ejecta blankets that are barely
spectrally visible. This might be explained by the high impact
rate on Vesta combined with the formation of more discontinu-
ous, thinner ejecta deposits on the low-gravity body.
� Vibidia and Antonia show the youngest ages of 10–20 Ma,

consistent with their pristine morphology and appearance in
Clementine-type color ratio data. The agreement between deg-
radation state and surface ages derived from CSFDs confirms the
usability of small-scale CSF analysis for, at least, relative surface
age determinations.
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