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Vesta is a unique, intermediate class of rocky body in the Solar System, between terrestrial planets and small aster-
oids, because of its size (average radius of�263 km) and differentiation, with a crust, mantle and core. Vesta’s low
surface gravity (0.25 m/s2) has led to the continual absence of a protective atmosphere and consequently impact
cratering and impact-related processes are prevalent. Previous work has shown that the formation of the Rheasil-
via impact basin induced the equatorial Divalia Fossae, whereas the formation of the Veneneia impact basin
induced the northern Saturnalia Fossae. Expanding upon this earlier work, we conducted photogeologic mapping
of the Saturnalia Fossae, adjacent structures and geomorphic units in two of Vesta’s northern quadrangles: Cap-
arronia and Domitia. Our work indicates that impact processes created and/or modified all mapped structures and
geomorphic units. The mapped units, ordered from oldest to youngest age based mainly on cross-cutting relation-
ships, are: (1) Vestalia Terra unit, (2) cratered highlands unit, (3) Saturnalia Fossae trough unit, (4) Saturnalia Fos-
sae cratered unit, (5) undifferentiated ejecta unit, (6) dark lobate unit, (7) dark crater ray unit and (8) lobate crater
unit. The Saturnalia Fossae consist of five separate structures: Saturnalia Fossa A is the largest (maximum width of
�43 km) and is interpreted as a graben, whereas Saturnalia Fossa B-E are smaller (maximum width of�15 km)
and are interpreted as half grabens formed by synthetic faults. Smaller, second-order structures (maximum width
of <1 km) are distinguished from the Saturnalia Fossae, a first-order structure, by the use of the general descriptive
term ‘adjacent structures’, which encompasses minor ridges, grooves and crater chains. For classification pur-
poses, the general descriptive term ‘minor ridges’ characterizes ridges that are not part of the Saturnalia Fossae
and are an order of magnitude smaller (maximum width of <1 km vs. maximum width of�43 km). Shear defor-
mation resulting from the large-scale (diameter of <100 km) Rheasilvia impact is proposed to form minor ridges
(�2 km to�25 km in length), which are interpreted as the surface expression of thrust faults, as well as grooves
(�3 km to�25 km in length) and pit crater chains (�1 km to�25 km in length), which are interpreted as the sur-
face expression of extension fractures and/or dilational normal faults. Secondary crater material, ejected from
small-scale and medium-scale impacts (diameters of <100 km), are interpreted to form ejecta ray systems of
grooves and crater chains by bouncing and scouring across the surface. Furthermore, seismic shaking, also result-
ing from small-scale and medium-scale impacts, is interpreted to form minor ridges because seismic shaking
induces flow of regolith, which subsequently accumulates as minor ridges that are roughly parallel to the regional
slope. In this work we expand upon the link between impact processes and structural features on Vesta by pre-
senting findings of a photogeologic, structural mapping study which highlights how impact cratering and
impact-related processes are expressed on this unique, intermediate Solar System body.
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1. Introduction

Vesta is the second most massive asteroid in the Solar System,
located in the asteroid belt, with axes measuring 286.3 ± 0.1 km,
278.6 ± 0.1 km and 223.2 ± 0.1 km when approximated by an ellip-
soid (Russell et al., 2012). Vesta is the only asteroid known to have
differentiated to form a core, a mantle and a crust, and is conse-
quently referred to as a protoplanet (e.g. Russell et al., 2012). Vesta
is thought to have remained intact since its formation at �4.56 Ga
(McSween et al., 2011), dated by crystallization ages of meteorites
interpreted to derive from Vesta: the Howardite, Eucrite and Diog-
enite (HED) meteorites (McCord et al., 1970).

Vesta has been studied remotely since its discovery by H.M.
Wilhelm Olbers in 1807. In 1970, the HED meteorites were pro-
posed to originate from Vesta (McCord et al., 1970). Later, Hubble
Space Telescope observations of Vesta identified a large southern
impact basin, which could be the source region of the HEDs (Tho-
mas et al., 1997). Further observations showed spectral heteroge-
neity across the vestan surface (Binzel et al., 1997; Gaffey, 1997;
Li et al., 2010). The proposed connection between the HEDs and
Vesta was recently confirmed by the observations of the Dawn
spacecraft (Russell et al., 2012; De Sanctis et al., 2012; Prettyman
et al., 2012; Reddy et al., 2012a). Further introductory information
about Vesta is included in the Introductory paper to this Special Is-
sue (Williams et al., this issue).

This paper focuses on the first-order Saturnalia Fossae and sec-
ond-order adjacent structures, which occur in Vesta’s northern
hemisphere. Section 2, Background, discusses Vesta’s place in
structural and geological studies of planetary bodies of different
scales. Section 3, Methods, describes the techniques used in this
study. Section 4, Results, presents the geological maps produced
in this work, along with observations and interpretations of the
structural features and geological units identified. Section 5, Dis-
cussion, considers interpretations of the main findings in this
study, with emphasis on the temporal relationships between the
mapped structures and the related impact events. Section 6, Con-
clusions, summarizes the main findings of this work and their
implications for Vesta and broader studies in planetary sciences.
2. Background

Vesta’s size and surface gravity, 0.25 m/s2, place it in an inter-
mediate Solar System category between that of the terrestrial plan-
ets and small asteroids (e.g. Jaumann et al., 2012). Unlike Earth or
Mars, Vesta lacks a protective atmosphere and consequently the
dominant geologic process is impact cratering (e.g. Russell et al.,
2012; Jaumann et al., 2012; Schenk et al., 2012). On account of this,
Vesta’s surface is highly cratered (Marchi et al., 2012). The two
most prominent impact features are large impact basins near Ves-
ta’s southern hemisphere: a younger basin, named Rheasilvia
(500 km wide), which partially overlies an older basin, named
Veneneia (450 km wide) (Schenk et al., 2012) (Fig. 1).

Previous studies have shown that impact processes not only
form numerous craters on Vesta, but also induce the formation of
large structural features termed fossae (e.g. Jaumann et al., 2012;
Buczkowski et al., 2012; Bowling et al., 2013). These tens of kilo-
meter-scale fossae, which are long, narrow depressions, are ob-
served in the northern hemisphere and in the equatorial regions.
Saturnalia Fossa A is dominant in the northern hemisphere group,
which are called the Saturnalia Fossae, and Divalia Fossa A is dom-
inant in the equatorial group, which are called the Divalia Fossae
(Jaumann et al., 2012) (Fig. 1).

The poles to the planes defined by the Saturnalia Fossae plot in
the center of the Veneneia impact basin and the poles to the planes
defined by the Divalia Fossae plot in the center of the Rheasilvia
Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
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impact basin (Buczkowski et al., 2012) (Fig. 2). Therefore, these
geometrical relationships imply that the formation of the Veneneia
basin likely induced the formation of the Saturnalia Fossae and for-
mation of the Rheasilvia basin likely induced the formation of the
Divalia Fossae (Buczkowski et al., 2012).

Numerical modeling of the Rheasilvia-forming impact, into
model Vestas with a variety of interior characteristics, finds that
there is a concentration of extension at the site of the Divalia Fos-
sae, but that most of the vestan crust experiences complex modes
of shear (Bowling et al., 2013). A similar concentration of extension
is also found at the site of the Saturnalia Fossae, which arise from
the Veneneia impact (Bowling et al., 2013). Thus, it is likely that
extension arising from the Veneneia impact formed the Saturnalia
Fossae (Buczkowski et al., 2012).

It is proposed that Vesta’s differentiation allowed for the forma-
tion of the fossae, which are interpreted as graben, because the dif-
ferentiated interior amplified and reoriented the stresses induced
by the impacts (Buczkowski et al., 2012). Such amplification and
reorientation does not occur on smaller, undifferentiated asteroids
such as Lutetia, Eros and Ida (Buczkowski et al., 2012). Thus, smal-
ler-scale lineaments and grooves, unlike the planetary-style fossae,
are the only impact-induced structural features formed on Lutetia
(Thomas et al., 2012; Preusker et al., 2012a), Eros (Prockter et al.,
2002; Buczkowski et al., 2008) and Ida (Asphaug et al., 1996).

Consequently, Vesta’s place in a unique intermediate category
between rocky planets with high gravities and small asteroids with
no interior differentiation allowed for the fossae to form. This pa-
per expands upon the link between impact cratering processes
and structural features on Vesta by presenting findings of a photo-
geologic structural mapping study of the Saturnalia Fossae and a
variety of other, smaller-scale, second-order structures (maximum
width of <1 km), which are distinguished from the Saturnalia Fos-
sae by the use of the general descriptive term ‘adjacent structures’.
These adjacent structures are sub-classified into minor ridges,
grooves and crater chains and are interpreted to form via processes
related to impacts of a variety of scales. All the studied structures
are located in Vesta’s northern hemisphere, primarily in Caparro-
nia and Domitia quadrangles (Fig. 1).
3. Methods

3.1. Data sources: basemaps and ancillary data

The Vesta science phase of the Dawn mission lasted from May
3rd 2011 to August 26th 2012. During this time data were acquired
by the Dawn spacecraft in six stages: (1) Approach, (2) Survey, (3)
High Altitude Mapping Orbit 1 (HAMO 1), (4) Low Altitude Map-
ping Orbit (LAMO), (5) High Altitude Mapping Orbit 2 (HAMO 2)
and (6) Departure. Data were collected by Dawn’s three instru-
ments: (1) the Framing Camera (FC) (Sierks et al., 2011; Schröder
et al., 2013), (2) the Visible and Infrared Spectrometer (VIR) (De
Sanctis et al., 2011) and (3) the Gamma Ray and Neutron Detector
(GRaND) (Prettyman et al., 2011).

This work mainly uses clear filter FC images and mosaics from
HAMO 1 (�65 m/pixel), LAMO (�20 m/pixel) and HAMO 2
(�65 m/pixel). The individual quadrangle maps were primarily
based on LAMO mosaics of Caparronia and Domitia quadrangles,
overlain on HAMO 2 mosaics (Fig. 3a and b). A LAMO mosaic of
all the northern quadrangles, overlain on a HAMO 2 mosaic, was
also utilized (Fig. 3c) to map the Saturnalia Fossae, in the entire
northern hemisphere, and the adjacent structures, in Floronia
quadrangle. The LAMO mosaics were overlain on the HAMO 2
mosaics because Vesta’s axial tilt caused the northernmost regions
of Vesta to be shadowed during LAMO.
tural geology of Saturnalia Fossae and adjacent structures in the northern
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Fig. 1. Locations of Rheasilvia impact basin, Veneneia impact basin, Divalia Fossae, Saturnalia Fossae, Caparronia quadrangle and Domitia quadrangle on (a) southern
hemisphere, (b) northern hemisphere and (c) whole Vesta topography maps relative to a reference ellipsoid (maps credit: R. Gaskell and D. O’Brien, PSI).

Fig. 2. The locations of the poles of the planes defined by the fossae that make up the Saturnalia Fossae (red) and the Divalia Fossae (white) plot in the respective centers of
the Veneneia and Rheasilvia impact basins (Buczkowski et al., 2012; image from Jaumann et al., 2012). This suggests a formational link between Veneneia and the Saturnalia
Fossae and between Rheasilvia and the Divalia Fossae. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

J.E.C. Scully et al. / Icarus xxx (2014) xxx–xxx 3
Photometrically corrected mosaics of Caparronia and Domitia
quadrangles were also used in the mapping process. The procedure
by which the images were photometrically corrected is outlined in
Schröder et al. (submitted for publication). Additionally, topo-
graphic data are provided by shape models derived by stereo-
Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
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photoclinometry (Gaskell, 2012) and stereophotogrammetry
(Preusker et al., 2012b) from the FC data, which have a height
uncertainty/accuracy of approximately 610 m (Fig. 3d). Composi-
tional data are provided in the form of hyperspectral images re-
corded by the VIR instrument, with wavelengths ranging from
tural geology of Saturnalia Fossae and adjacent structures in the northern
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Fig. 3. (a) FC clear filter mosaic of Caparronia quadrangle. The mosaic consists of LAMO data (�20 m/pixel) overlain on HAMO 2 data (�65 m/pixel). The majority of the
mosaic is LAMO resolution, with HAMO 2 resolution dominating north of �55�N. This mosaic has a polar stereographic projection and ranges from 20–66�N and 90–180�E.
Mosaic credit: DLR. (b) FC clear filter mosaic of Domitia quadrangle. The mosaic consists of LAMO data (�20 m/pixel) overlain on HAMO 2 data (�65 m/pixel). The majority of
the mosaic is LAMO resolution, with HAMO 2 resolution dominating north of �55�N. This mosaic has a polar stereographic projection and ranges from 20–66�N and 180–
270�E. Mosaic credit: DLR. (c) FC clear filter mosaic of all northern quadrangles: Albana, Bellicia, Caparronia, Domitia and Floronia. The mosaic consists of LAMO data (�20 m/
pixel) overlain on HAMO 2 data (�65 m/pixel). The majority of the mosaic is LAMO resolution, with HAMO 2 resolution dominating north of �55�N. Mosaic credit: DLR. (d)
Example of topography data used for mapping of Caparronia (a) and Domitia (b) quadrangles. The topography data is taken from the DLR HAMO 2 version of the vestan shape
model, referenced to an ellipsoid with radii 285 km and 229 km. The shape model was derived from FC data (Preusker et al., 2012b). (e) FC Clementine-type RGB ratio images
used for mapping of Caparronia (a) and Domitia (b) quadrangles. FC color filters are used to make these images, where R = 750 nm/430 nm, G = 750 nm/920 nm and
B = 430 nm/750 nm (see Supplementary material of Reddy et al. (2012a)). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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near-ultraviolet to mid-infrared (�0.3–5.0 lm) (De Sanctis et al.,
2011). Compositional data are also provided by the GRaND instru-
ment, which measures the elemental composition of the vestan
surface (Prettyman et al., 2011). Further compositional data are
provided by the seven color filters of the FC, which cover visible
to near-infrared wavelengths (438–965 nm) (Sierks et al., 2011).
In particular, Clementine-type RGB ratio images of FC color filters
are used, where R = 750 nm/430 nm, G = 750 nm/920 nm and
B = 430 nm/750 nm (Fig. 3e). Calibration and processing proce-
dures for the FC color data and the creation of false color compos-
ites are detailed in the Supplementary material of Reddy et al.
(2012a) and Schröder et al. (submitted for publication).
3.2. Mapping approach: techniques and tools

The surface of Vesta has been divided into three provinces,
which are arranged according to latitude: the Saturnalia Fossae
Formation in the north, the Divalia Fossae Formation around the
equator and the Rheasilvia Formation in the south (Yingst et al.,
in press). In order to facilitate systematic geologic mapping, the
surface of Vesta was divided into 15 quadrangles, each of which
was named after a prominent feature in the quadrangle (Roatsch
et al., 2012) (Fig. 4). The feature and quadrangle names were cho-
sen from a list of Vestal Virgins, famous Roman women and Roman
festivals. The quadrangles are arranged east of the prime meridian,
using the Claudia coordinate system that is anchored by Claudia
crater (Reddy et al., 2013; Russell et al., 2012). The Dawn science
team uses this coordinate system in all publications. The PDS is
providing Dawn data in a longitude system that can be acquired
from the Claudia longitude by subtracting 150�. Details about this
topic are provided in the Introductory paper to this Special Issue
(Williams et al., this issue). A team consisting of a lead mapper
and mappers from neighboring quadrangles mapped each
quadrangle.

Geological mapping was carried out using ESRI ArcMap 10.0
software, which allows the mapping to be georeferenced to the
underlying mosaics. Mapping symbols correspond to those recom-
mended for planetary geology features (Federal Geographic Data
Committee, 2006). All 15 quadrangles were mapped using ESRI
ArcMap 10.0 and further details of the mapping procedure are
available in the Introductory paper to this Special Issue (Williams
Fig. 4. Schematic atlas of 15 quadrangles that co

Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
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et al., this issue). Furthermore, additional tools were used in this
study due to the three-dimensional nature of the structures being
investigated. The Small Body Mapping Tool (Kahn et al., 2011) was
used to directly map the Saturnalia Fossae onto the shape model of
Vesta. JMARS (for Vesta), developed by ASU’s Mars Space Flight
Facility, was used to obtain profiles across the fossae. Mapping of
the fossae in the Small Body Mapping Tool and JMARS (for Vesta)
was transferred into ESRI ArcMap 10.0 by visual transcription,
using patterns of craters and other morphological features for
reference.

4. Results

4.1. Maps

In accordance with the other papers in this Special Issue, the
geological maps of Caparronia quadrangle (Fig. 5a) and Domitia
quadrangle (Fig. 5b) contain all of the mapped features apart from
craters <6 km in diameter. In this paper, versions of the geological
maps with craters <6 km in diameter are also included (Fig. 6a and
b). In these figures the quadrangle maps are overlain on the LAMO–
HAMO 2 composite quadrangle mosaics. Mapping of the structural
features, which consist of the fossae (Fig. 7) and the adjacent struc-
tures (Fig. 8) in Caparronia, Domitia and Floronia quadrangles, was
conducted on the LAMO–HAMO 2 mosaic of the northern
quadrangles.

4.2. Definition of Map Units (DOMU)

The map units in Caparronia and Domitia quadrangles are de-
scribed in the Definition of Map Units, from oldest (stratigraphical-
ly lowest) to youngest (stratigraphically highest). The unit symbols
use the first letter of each word in the unit name, which are capi-
talized when appropriate (i.e. for proper nouns).

4.2.1. Vestalia Terra unit
4.2.1.1. Observation. The unit symbol is VT and the type area is lo-
cated at 22�N, 224�E (Fig. 9b). This unit is found along the south-
central and southeastern border of Domitia quadrangle. This unit
is topographically higher than surrounding units, which is illus-
trated by a gradational decrease in elevation away from this unit
ver the vestan surface (Roatsch et al., 2012).

tural geology of Saturnalia Fossae and adjacent structures in the northern
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Fig. 5. (a) Geological map of Caparronia quadrangle. This map contains all of the mapped features apart from craters <6 km in diameter. Description of the mapped units and
structural features is included in Section 4. A high resolution version is available in the Supplementary material. (b) Geological map of Domitia quadrangle. This map contains
all of the mapped features apart from craters <6 km in diameter. Description of the mapped units and structural features is included in Section 4. A high resolution version is
available in the Supplementary material.

6 J.E.C. Scully et al. / Icarus xxx (2014) xxx–xxx
in the shape models. This unit contains many impact craters, which
have different levels of degradedness. The unit exhibits an albedo
that is heterogeneous and intermediate in photometrically cor-
rected FC images. Areas of intermediate albedo are qualitatively
defined, when compared by eye in the photometrically corrected
images, as regions of albedo that are less dark than distinctly dark
regions (discussed in McCord et al., 2012; Reddy et al., 2012b) and
less bright than distinctly bright regions (discussed in Zambon
et al., in preparation). In Clementine-type FC color ratio images
the part of the unit that occurs in Domitia quadrangle has a variety
of colors, but the underlying dominant color is violet. The assigned
RGB color of this unit in the geologic maps is 168–112–0.
4.2.1.2. Interpretation. The dominant process within this unit is
impact cratering. Heterogeneous spectral properties suggest a vari-
ety of surface materials, likely excavated by the abundant impact
Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
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craters in this unit. However, the underlying, dominant violet color
of this unit in Clementine-type FC color ratio images suggests that
the regolith is dominated by howardite (i.e. a degraded mix of
eucrite and diogenite) (Reddy et al., 2012a). This unit and the
cratered highlands unit are very similar in the quadrangles studied
in this paper, but in quadrangles to the south it is clear that
Vestalia Terra is a different unit and takes the form of a plateau
(Buczkowski et al., this issue). Stratigraphic relationships, not
visible in the quadrangles studied in this paper, suggest that
Vestalia Terra is one of the oldest features on Vesta (Buczkowski
et al., this issue). Thus, Vestalia Terra is placed at the bottom of
the stratigraphic sequence in this paper.
4.2.2. Cratered highlands unit
4.2.2.1. Observation. The unit symbol is ch and the type area is
located at 25�N, 174�E (Fig. 9c). This unit is found along the
tural geology of Saturnalia Fossae and adjacent structures in the northern
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Fig. 6. (a) Geological map of Caparronia quadrangle. This map contains all of the mapped features, including craters <6 km in diameter. Description of the mapped units and
structural features is included in Section 4. A high resolution version is available in the Supplementary material. (b) Geological map of Domitia quadrangle. This map contains
all of the mapped features, including craters <6 km in diameter. Description of the mapped units and structural features is included in Section 4. A high resolution version is
available in the Supplementary material.
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southern boundary and in the northeastern corner of Caparronia
quadrangle and along the northern boundary and in the southwest
corner of Domitia quadrangle. This unit contains many impact cra-
ters, which have different levels of degradeness. No clear cross-cut-
ting relationships are identified between this unit and the
Saturnalia Fossae Formation in the quadrangles studied in this pa-
per. However, the cratered highlands unit is topographically higher
and distinctly more hummocky than the Saturnalia Fossae Forma-
tion. All boundaries between this unit and the undifferentiated
ejecta unit and Saturnalia Fossae Formation are gradational. The
unit exhibits an albedo that is heterogeneous and intermediate in
photometrically corrected FC images. In Clementine-type FC color
ratio images the unit has a variety of colors, but the underlying
dominant color is violet. The assigned RGB color of this unit in
the geologic maps is 137–112–68.
Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
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4.2.2.2. Interpretation. This dominant process within this unit is im-
pact cratering. The fossae do not occur in this unit and conse-
quently did not influence its development. When the entire
northern hemisphere is taken into account, this unit is identified
as being stratigraphically older than the Saturnalia Fossae Forma-
tion (Ruesch et al., this issue). Heterogeneous spectral properties
suggest a variety of surface materials, likely excavated by the
abundant impact craters in this unit. However, the underlying,
dominant violet color of this unit in Clementine-type FC color ratio
images suggests that the regolith is dominated by howardite (i.e. a
degraded mix of eucrite and diogenite) (Reddy et al., 2012a).

4.2.3. Saturnalia Fossae Formation
The Saturnalia Fossae Formation was originally identified

as one of Vesta’s formations in the global mapping paper
tural geology of Saturnalia Fossae and adjacent structures in the northern
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Fig. 7. Unmapped (a) and mapped (b) area of the northern hemisphere in which the
Saturnalia Fossae are located. The ridges delineate the edges of the fossae and the
troughs delineate the approximate central axes of particularly deep fossae.
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(Yingst et al., in press). In Caparronia and Domitia quadrangles the
Saturnalia Fossae Formation has been divided into two sub-divi-
sions, based on the presence or absence of the Saturnalia Fossae:
the Saturnalia Fossae trough unit contains the Saturnalia Fossae
and the Saturnalia Fossae cratered unit does not contain the Satur-
nalia Fossae. No relative age difference is identified between the
Fig. 8. Unmapped (a) and mapped area of the northern hemisphere in which the adjace
shows the crater chains.

Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
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two sub-divisions. Both are heavily cratered and, as a part of the
Saturnalia Fossae Formation, have the highest crater density of
Vesta’s formations (Marchi et al., 2012).

4.2.3.1. Saturnalia Fossae trough unit.
4.2.3.1.1. Observation. The unit symbol is SFt and the type area is
located at 45�N, 215�E (Fig. 9d). This unit is dominant in Domitia
quadrangle and is stratigraphically higher than the Vestalia Terra
unit. No clear cross-cutting relationships are identified between
this unit and the cratered highlands unit in the quadrangles stud-
ied in this paper. This unit contains, and is named after, the Satur-
nalia Fossae. The unit exhibits an albedo that is heterogeneous and
intermediate in photometrically corrected FC images. In Clemen-
tine-type FC color ratio images the unit has a variety of colors,
but the underlying dominant color is violet. The assigned RGB color
of this unit in the geologic maps is 232–190–255.

4.2.3.1.2. Interpretation. The dominant process in this unit is the
formation of the Saturnalia Fossae, which is discussed in Sec-
tion 4.3.1. When the entire northern hemisphere is taken into ac-
count, this unit is identified as being stratigraphically younger
than the cratered highlands unit (Ruesch et al., this issue). Hetero-
geneous spectral properties suggest a variety of surface materials,
likely excavated by the abundant impact craters in this unit. How-
ever, the underlying, dominant violet color of this unit in Clemen-
tine-type FC color ratio images suggests that the regolith is
dominated by howardite (i.e. a degraded mix of eucrite and dioge-
nite) (Reddy et al., 2012a).

4.2.3.2. Saturnalia Fossae cratered unit.
4.2.3.2.1. Observation. The unit symbol is SFc and the type area is
located at 40�N, 101�E (Fig. 9e). This unit is dominant in Caparronia
quadrangle. This unit contains many impact craters, which have
different levels of degradation. No clear cross-cutting relationships
are identified between this unit and the cratered highlands unit in
the quadrangles studied in this paper. This unit does not contain
the Saturnalia Fossae. The unit exhibits an albedo that is heteroge-
neous and intermediate in photometrically corrected FC images. In
nt structures are located: (b) shows the minor ridges, (c) shows the grooves and (d)
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Fig. 9. (a) The locations of the type areas in Caparronia and Domitia quadrangles. (b) The type area of the Vestalia Terra unit, located at 22�N, 224�E. This type area is defined
as the heavily cratered area that has a gradational boundary with the Saturnalia Fossae trough unit defined by a change in elevation. (c) The type area of the cratered
highlands unit, located at 25�N, 174�E. This type area is defined as the heavily cratered area that lacks fossae and is topographically high. (d) The type area of the Saturnalia
Fossae trough unit, located at 45�N, 215�E. This type area is defined as the heavily cratered area that is dominated by the fossae. (e) The type area of the Saturnalia Fossae
cratered unit, located at 40�N, 101�E. This type area is defined as the heavily cratered area that does not contain fossae. (f) The type area of the undifferentiated ejecta unit.
This type area is defined as the ejecta material that is sourced from Marcia and Calpurnia craters, located at 28�N, 195�E. (g) The type area of the dark lobate unit, viewed in a
photometrically corrected image. This type area is defined as the dark lobate material that forms part of the ejecta of Calpurnia crater, located at 22�N, 190�E. (h) The type area
of the dark crater ray unit. This type area is defined as the dark material around the �1 km crater located at 29�N, 175�E. (i) The type area of the lobate crater unit. This type
area is defined as the mass wasting deposit within Caparronia crater, located at 37�N, 165�E.
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Clementine-type FC color ratio images the unit has a variety of col-
ors, but the underlying dominant color is violet. The assigned RGB
color of this unit in the geologic maps is 132–0–168.

4.2.3.2.2. Interpretation. Since the Saturnalia Fossae do not oc-
cur in this unit, the dominant process is impact cratering. When
the entire northern hemisphere is taken into account, this unit is
identified as being stratigraphically younger than the cratered
highlands unit (Ruesch et al., this issue). Heterogeneous spectral
properties suggest a variety of surface materials, likely excavated
by the abundant impact craters in this unit. However, the underly-
ing, dominant violet color of this unit in Clementine-type FC color
ratio images suggests that the regolith is dominated by howardite
(i.e. a degraded mix of eucrite and diogenite) (Reddy et al., 2012a).
4.2.4. Undifferentiated ejecta unit
4.2.4.1. Observation. The unit symbol is ue and the type area is
located at 28�N, 195�E (Fig. 9f). This unit extends asymmetrically
from large, well-defined craters that are approximately centrally
located within the unit. The unit is observed to cross-cut and has
a smoother surface with fewer craters than the Saturnalia Fossae
trough unit, the Saturnalia Fossae cratered unit, the cratered high-
lands unit and the Vestalia Terra unit. The unit contains hum-
mocky, sinuous ridges. The edge is curvilinear and can be defined
by a break in topography to the underlying units. However,
Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
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generally these boundaries are gradational. The unit exhibits an al-
bedo that is heterogeneous and intermediate in photometrically
corrected FC images. In Clementine-type FC color ratio images
the unit has a variety of colors, but the underlying dominant color
is violet. The assigned RGB color of this unit in the geologic maps is
230–230–0.
4.2.4.2. Interpretation. Due to the location of the ejecta and the sim-
ilar levels of freshness between the ejecta and the centrally located
craters, it is likely that material making up the unit was ejected by
the impact that formed the centrally located craters. The cross-cut-
ting relationships and the observation that this unit contains a
smaller number of craters than the Saturnalia Fossae trough unit,
the Saturnalia Fossae cratered unit, the cratered highlands unit
and the Vestalia Terra unit result in this unit being placed strati-
graphically above the aforementioned units. The underlying, dom-
inant violet color of this unit in Clementine-type FC color ratio
images suggests that the regolith is dominated by howardite (i.e.
a degraded mix of eucrite and diogenite) (Reddy et al., 2012a).
4.2.5. Dark lobate unit
4.2.5.1. Observation. The unit symbol is dl and the type area is lo-
cated at 22�N, 190�E (Fig. 9g). This unit extends downslope from
crater rims and is observed to cross-cut the undifferentiated ejecta
tural geology of Saturnalia Fossae and adjacent structures in the northern
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unit, Saturnalia Fossae cratered unit and cratered highlands unit.
The edges are lobate and the surface is generally smooth. The unit
has a greater extent and is more diffuse than the dark crater ray
unit. This unit does not have a noticeably different distribution of
small craters when compared to the undifferentiated crater unit.
The unit exhibits a distinctive low albedo in photometrically cor-
rected FC images and a dark violet color in Clementine-type FC col-
or ratio images. The assigned RGB color of this unit in the geologic
maps is 56–168–0.

4.2.5.2. Interpretation. The observation that this unit extends
downslope from crater rims suggests that it is material ejected
during the crater-forming impact. The cross-cutting relationships
with the undifferentiated ejecta unit, Saturnalia Fossae cratered
unit and cratered highlands unit result in this unit being placed
stratigraphically above the aforementioned units. Other studies
have shown dark material, such as this unit, derives from carbona-
ceous chondrite impacts (McCord et al., 2012; Reddy et al., 2012b).
This carbonaceous chondrite dark material commonly has a dark
violet color in Clementine-type FC color ratio images (Reddy
et al., 2012a).

4.2.6. Dark crater ray unit
4.2.6.1. Observation. The unit symbol is dcr and the type area is lo-
cated at 29�N, 175�E (Fig. 9h). This unit is located around certain
impact craters and extends for greater than one crater diameter
from the crater rim. The unit cross-cuts each of the dark lobate
unit, undifferentiated ejecta unit, Saturnalia Fossae cratered unit
and cratered highlands unit. This unit forms linear streaks or rays
of varying lengths that are oriented sub-perpendicular to crater
rims and are asymmetrically distributed around craters. The unit
exhibits a distinctive low albedo in photometrically corrected FC
images and the unit is dominated by a dark violet color in Clemen-
tine-type FC color ratio images. The assigned RGB color of this unit
in the geologic maps is 255–255–0.

4.2.6.2. Interpretation. The unit is interpreted to be material ejected
from the impact crater that it surrounds because the unit is always
located around impact craters and the rays radiate away from the
impact craters. The cross-cutting relationships with the dark lobate
unit, undifferentiated ejecta unit, Saturnalia Fossae cratered unit
and cratered highlands unit result in this unit being placed strati-
graphically above the aforementioned units. Other studies have
shown dark material, such as this unit, derives from carbonaceous
chondrite impacts (McCord et al., 2012; Reddy et al., 2012b). This
carbonaceous chondrite dark material commonly has a dark violet
color in Clementine-type FC color ratio images (Reddy et al.,
2012a).

4.2.7. Lobate crater unit
4.2.7.1. Observation. The unit symbol is lc and the type area is lo-
cated at 37�N, 165�E, within Caparronia crater (Fig. 9i). This unit
is located on the interior slopes of fresh rim and partly degraded
subdued rim craters and originates from the crater rim and partly
or completely fills the crater. The unit is observed to cross-cut the
undifferentiated ejecta unit and the Saturnalia Fossae trough unit.
The lobate crater unit forms lobate deposits that display lateral
and/or transverse curvilinear ridges and curvilinear or scalloped
edges. Hummocky surface morphologies result from the irregular
distribution of material. These are interspersed with areas of
smoother material. Small craters, up to a few hundred meters in
diameter, occur on the surface. The smallest craters discernible
are �40–50 m in diameter because the resolution of the LAMO
images is �20 m/pixel. In photometrically corrected FC images
the albedo is intermediate, but is brighter along crater rims. In
Clementine-type FC color ratio images the unit has a yellow color,
Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
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particularly along crater rims, but the underlying dominant color is
violet. The assigned RGB color of this unit in the geologic maps is
85–255–0.

4.2.7.2. Interpretation. Since this unit is located on the interior
slopes and floors of craters and originates from their rims, this unit
is interpreted to form after slope failure results in slide, slump or
flow of regolith, possibility initiated during or after crater forma-
tion. This interpretation is consistent with the lobate form of the
unit and the lateral and/or transverse curvilinear ridges and curvi-
linear or scalloped edges, which are all morphologies consistent
with slide, slump or flow of material (e.g. Varnes, 1978). The
underlying, dominant violet color of this unit in Clementine-type
FC color ratio images suggests that the regolith is dominated by
howardite (i.e. a degraded mix of eucrite and diogenite) (Reddy
et al., 2012a). However, the brighter, yellow crater rims are indic-
ative of the howardite being mixed with fresher material that slid,
slumped or flowed from the crater rim (Pieters et al., 2012). Possi-
ble initiation mechanisms for this slope failure include steepening
of slopes exceeding the angle of repose and seismic shaking in-
duced by impacts.

4.3. Observation and interpretation of structures

4.3.1. Saturnalia Fossae
4.3.1.1. Observation. The Saturnalia Fossae are the principal, first-
order structural feature in Vesta’s northern quadrangles. The edges
of the fossae are mapped as ridge crests with solid diamonds and
the type area is located at 37�N, 242�E (Fig. 10). Sometimes frag-
ments of the ridges are smoothed out by later processes (see Sec-
tion 4.3.1.2), which results in them not always being visible as
sharply defined features in the topographic data. Two sub-parallel
ridge crests make up each fossae. Parts of the centers of the fossae
are mapped as troughs. The full extent of the fossae is shown in
Fig. 7.

The Saturnalia Fossae are mostly located in Domitia quadrangle,
but also continue into Caparronia and Floronia quadrangles. These
features are within the Saturnalia Fossae Formation, specifically
within the Saturnalia Fossae trough unit. The undifferentiated ejec-
ta unit (see Section 4.2.4) and lobate crater unit (see Section 4.2.7)
overlie or cross-cut the fossae. There are a maximum of 5 fossae
within the group, of which Saturnalia Fossa A is the dominant
structure. Saturnalia Fossa A is the largest of the fossae, with a
maximum width of �43 km.

An estimate of the minimum thickness of the regolith in the
area around the Saturnalia Fossae is found by using the depth of
nearby Caparronia crater. Caparronia is a fresh, �54 km diameter
crater that is located south of the Saturnalia Fossae at 36�N,
167�E. A deficiency of large boulders and slump blocks indicate
that this crater does not excavate appreciable amounts of coherent
material. Using a depth to diameter value of 0.18 (Vincent et al.,
2012) gives the depth of Caparronia to be �10 km, which is also
the minimum regolith depth.

Profiles across representative transects of the fossae were made
using JMARS (for Vesta) (Fig. 11a and b). Before interpretation the
profiles were rotated (Fig. 11c and d). In cross section Saturnalia
Fossa A is an approximately symmetrical rounded depression,
while the other fossae (B–E) are generally more asymmetric
rounded depressions (Fig. 11a and b). The depth of Saturnalia Fossa
A (maximum depth of �4.5 km) is greater than the other fossae (B–
E), which have a maximum depth of �2 km.

A rose diagram displaying the orientations of the ridges
(Fig. 12a) displays that the mean direction is 168�/348�. However,
this mean direction is in a coordinate system that cannot be easily
related to the map view. Hence, the orientations of the ridges are
also plotted in rose diagrams that can be more easily related to
tural geology of Saturnalia Fossae and adjacent structures in the northern
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Fig. 10. Unmapped and mapped versions of the type area of the Saturnalia Fossae.
In this image Saturnalia Fossa A is the wider fossa and Saturnalia Fossa B is the
narrower fossa. This type area is located at 37�N, 242�E.
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map view (with a simple cylindrical projection). In this view the
ridges have a direction of ESE–WNW (Fig. 12b).
4.3.1.2. Interpretation. The tight clustering of the ridges on the Rose
diagram (Fig. 12a and b) suggests that the fossae have a related for-
mation mechanism. It has been previously suggested that since Sa-
turnalia Fossa A is made up of two sub-parallel ridge crests in plan
view and is symmetrical with a somewhat rounded floor in profile
view, it resembles a graben structure (Buczkowski et al., 2012). The
thick regolith deposit in this area, 610 km, is interpreted to have
modified the morphology of Saturnalia Fossa A from that of an
unmodified, flat-floored graben to that of a graben with a some-
what rounded floor. Accumulation of ejecta units such as the undif-
ferentiated ejecta unit and lobate crater unit on top of the fossae is
also thought to have rounded and/or smoothed the profile of the
fossae.

In the interpreted profiles (Fig. 11c and d), Saturnalia Fossa A is
the deepest fossae and is symmetrical in profile, which is inter-
preted to be due to the presence of two large, symmetrical normal
faults on either side, which form a graben. In interpreted profile 1
(Fig. 11c), fossae B–C are asymmetric in profile and significantly
shallower than Saturnalia Fossa A and are consequently inter-
preted to be half grabens. It is likely that they are formed by syn-
thetic faults that may connect to the southernmost Saturnalia
Fossa A fault at depth. Synthetic faults are minor faults that have
the same sense of displacement as the main fault. They form be-
cause faults are not one isolated plane of discontinuity, but are
bounded by a damage zone in which smaller, secondary faults
can form (Twiss and Moores, 2007). In interpreted profile 2
(Fig. 11d), fossae D and E, which also have asymmetric profiles, be-
come apparent. These asymmetric profiles are also interpreted to
be due to fossae D and E being half grabens that are also formed
by synthetic faults. The lack of mapped structures to the north of
Saturnalia Fossa A in the profiles means that no interpretations
are made in this area. Note that the large thickness of regolith in
the region, 610 km, is interpreted to result in the Saturnalia Fossae
normal faults not cropping out at Vesta’s surface. Thus, these faults
are likely blind faults and the ridges that delineate the edges of the
fossae are likely regolith piled up on top of the normal faults rather
Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
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than the exposed normal fault scarps. The regolith on top of the
normal faults is shown in the interpreted profiles as the pale gray
layer (Fig. 11c and d).

4.3.2. Minor ridges
4.3.2.1. Observation. The minor ridges are positive topography fea-
tures that are mapped as ridge crests with open diamonds. For
classification purposes, the general descriptive term ‘minor ridges’
characterizes second-order ridges that are not part of the Saturna-
lia Fossae and are an order of magnitude smaller, since minor
ridges have a maximum width of <1 km and Saturnalia Fossa A
has a maximum width of �43 km. The type area is located at
40�N, 203�E (Fig. 13). The minor ridges are mapped in detail in
Caparronia, Domitia and Floronia quadrangles (Fig. 8b).

Minor ridges range in length from �2 km to �25 km and range
in morphology from linear to curvilinear. Individual minor ridges
are not resolved in profile. Consequently, their depth cannot be
measured and they must be significantly shallower than the fossae.
The minor ridges are generally discrete and only coalesce together
occasionally. Some minor ridges are observed to cross-cut impact
craters (Fig. 13).

A rose diagram displaying the orientations of the minor ridges
(Fig. 12c) shows that the mean direction is 37�/217�. In map view,
using a simple cylindrical projection, this corresponds to a direc-
tion of NE–SW (Fig. 12d). The orientations of the minor ridges
are more spread out than those of the other structures but they
can be divided into two dominant groupings of orientations. One
group is approximately aligned E–W, which is approximately par-
allel to the regional slope in the area (Fig. 12d). The second group is
roughly aligned NE–SW and N–S, which is not approximately par-
allel to the regional slope (Fig. 12d).

4.3.2.2. Interpretation. The two groupings of minor ridges are inter-
preted to have two different formation mechanisms, which are dis-
cussed in this section. The group of minor ridges aligned
approximately parallel to regional slope, E–W, may be accumula-
tions of regolith that piled up as the material flowed under the con-
trol of the regional slope.

However, this formation mechanism cannot be invoked for the
minor ridges approximately aligned NE–SW and N–S. The previ-
ously described morphology of the minor ridges is of curvilinear
scarps that closely resemble wrinkle ridges/thrust scarps observed
in LROC images of the Moon (e.g., Watters et al., 2010), in MESSEN-
GER images of Mercury (e.g. Watters et al., 2009) and on Mars (e.g.
Golombek et al., 2001). Evidence that sub-surface thrusting forms
wrinkle ridge morphologies is observed in terrestrial analogs to
wrinkle ridges, which are formed over sub-surface thrust faults
(Plescia and Golombek, 1986). The observation that some minor
ridges cross-cut impact craters (Fig. 13) is interpreted to be evi-
dence that the minor ridges are wrinkle ridges that are thrust over
impact craters under the control of sub-surface thrust faults.

4.3.3. Grooves and crater chains
4.3.3.1. Observation. The grooves are negative topography features
that are mapped using a solid line with orthogonal ticks. The type
area is located at 23�N, 117�E (Fig. 14). The crater chains are also
negative topography features and are mapped using a solid line.
The type area is located at 30�N, 173�E (Fig. 15). The grooves and
crater chains are also mapped in detail in Caparronia, Domitia
and Floronia quadrangles (Fig. 8c and d).

The grooves are the most prevalent of the second-order adja-
cent structures in Vesta’s northern quadrangles. The grooves range
in length from �3 km to �25 km and range in morphology from
linear to curvilinear. The crater chains are also second-order adja-
cent structures, range in length from �1 km to �25 km and range
in morphology from linear to curvilinear. The individual grooves
tural geology of Saturnalia Fossae and adjacent structures in the northern
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Fig. 11. (a) Profile 1, which is taken across Saturnalia Fossa A, and also shows the smaller fossae B and C. The profile has been exaggerated vertically to clearly show the fossae.
The profile was made using JMARS (for Vesta). (b) Profile 2, which is taken across Saturnalia Fossa A, and also shows the smaller fossae B–E. The profile has been exaggerated
vertically to clearly show the fossae. The profile was made using JMARS (for Vesta). (c) Interpretation of profile 1. In this interpretation Saturnalia Fossa A is bounded by two
large normal faults, hence it is a graben. Fossae B–C are interpreted as half graben formed by synthetic faults. Gray marker beds indicate the directions of motion and the pale
gray layer is the regolith above the blind faults. (d) Interpretation of profile 2. In this interpretation Saturnalia Fossa A is bounded by two large normal faults, so it is a graben.
Fossae B–E are interpreted as half graben formed by synthetic faults. Gray marker beds indicate the directions of motion and the pale gray layer is the regolith above the blind
faults.
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and crater chains are not resolved in profile. Consequently, their
depth cannot be measured and they must be significantly shal-
lower than the fossae. Some grooves or crater chains coalesce to-
gether, but they are generally discrete features.

A rose diagram displaying the orientations of the grooves
(Fig. 12e) shows that the mean direction is 13�/193�. In map view,
with a simple cylindrical projection, this corresponds to a direction
of E–W (Fig. 12f). A rose diagram for the orientations of the crater
chains (Fig. 12g) shows that the mean direction is 8�/188�. In map
view, with a simple cylindrical projection, this corresponds to a
direction of E–W (Fig. 12h).
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Sometimes, grooves and crater chains are orientated radially
around an impact crater. At 27�N, 199�E, there are NNE–SSW
trending grooves and crater chains (Fig. 16) that form an approxi-
mately radial pattern to Calpurnia crater. Similarly radial grooves
are located from �21�N to �43�N and �180�E to �220�E, around
Marcia and Calpurnia craters (Fig. 17).

However, there are many other groupings of grooves and crater
chains that are not clearly radial to an impact crater. For example
at 30�N, 160�E, a set of wider, more prominent grooves cross-cut a
set of more muted grooves and neither is clearly associated with an
impact crater (Fig. 18).
tural geology of Saturnalia Fossae and adjacent structures in the northern
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Fig. 12. (a and b) Rose diagrams for the orientations of the ridges, which delineate the edges of the fossae. The mean direction is 168�/348�. (a) Plots the data with 0� at the
top with angles increasing in a clockwise direction and (b) plots the data with N at the top with angles increasing in an anticlockwise direction. Plot (b) allows the orientations
to be easily compared to map view. (c and d) Rose diagrams for the orientations of the minor ridges. The mean direction is 37�/217�. (c) Plots the data with 0� at the top with
angles increasing in a clockwise direction and (d) plots the data with N at the top with angles increasing in an anticlockwise direction. Plot (d) allows the orientations to be
easily compared to map view. (e and f) Rose diagrams for the orientations of the grooves. The mean direction is 13�/193�. (e) Plots the data with 0� at the top with angles
increasing in a clockwise direction and (f) plots the data with N at the top with angles increasing in an anticlockwise direction. Plot (f) allows the orientations to be easily
compared to map view. The orientations of the grooves and crater chains, (g and h), are very similar, which suggests that they are formed by a similar mechanism and are end-
members of the same type of structure. (g and h) Rose diagrams for the orientations of the crater chains. The mean direction is 8�/188�. (g) Plots the data with 0� at the top
with angles increasing in a clockwise direction and (h) plots the data with N at the top with angles increasing in an anticlockwise direction. Plot (h) allows the orientations to
be easily compared to map view. The orientations of the crater chains and grooves, (e and f), are very similar, which suggests that they are formed by a similar mechanism and
are end-members of the same type of structure.
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4.3.3.2. Interpretation. The very similar orientations of the grooves
and of the crater chains suggest that they were formed by a similar
mechanism and are end-members of the same type of feature.
Grooves and crater chains are commonly formed by secondary cra-
ter material from an impact scouring and bouncing across the
Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
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surface, in which case the crater chains are secondary crater chains
(e.g. Melosh, 2011). Along with the grooves, the secondary crater
chains form ejecta ray systems. Some of the grooves and crater
chains on Vesta are interpreted to form in this way. For example,
the grooves and secondary crater chains (Fig. 16) radial to
tural geology of Saturnalia Fossae and adjacent structures in the northern
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Fig. 13. Unmapped and mapped views of the type area of the minor ridges, which is located at 40�N, 203�E. In this area the minor ridges are cross-cut by some of the grooves.
Also, one of the minor ridges in this area has been thrust over an older crater, which obscures a part of the crater.

Fig. 14. Type area of the grooves, which is located at 23�N, 117�E. There are many
closely spaced grooves in this area.

Fig. 15. Type area of the crater chains, which is located at 30�N, 173�E. This chain is
about 10 km long.
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Calpurnia crater are likely a ray system formed by the ejection of
secondary material from Calpurnia crater. Similarly, radial grooves
located from�21�N to �43�N and �180�E to �220�E are likely part
of the Marcia–Calpurnia ray system (Fig. 17).

Alternatively, many of the E–W trending grooves and crater
chains and not oriented radially to an impact crater and may have
a tectonic origin, which is supported by their very similar orienta-
tions (Fig. 12f and h). Pit crater chains on Earth and Mars are pro-
posed to form by unconsolidated material draining down into
extension fractures and/or dilational normal faults in a more con-
solidated material at depth (Ferrill et al., 2011; Wyrick et al., 2004).
In this scenario the crater chains are pit crater chains and are the
surface expression of funnels of down-draining material. The
grooves represent a more even distribution of down-drained rego-
lith. Hence, grooves and pit crater chains formed in this manner are
the surface expression of extension fractures and/or dilational nor-
mal faults at depth.

The tectonic origin is supported by the similarity of the vestan
grooves and pit crater chains to smaller-scale, more closely spaced
linear structures of grooves and pit crater chains formed by normal
faulting on the Moon (Fig. 19) (Watters et al., 2012). However, the
grooves and pit crater chains on the Moon are more closely spaced
than those on Vesta. This may be due to faulting occurring in a less
dense material on Vesta; spacing is inversely controlled by the
density of the crust, so that as the density decreases the spacing in-
creases (e.g. Yin, 2000). Alternatively, since the thickness of the
mechanical layer being faulted directly controls the fault spacing
(e.g. Soliva et al., 2006; Montési and Zuber, 2003), faulting may
be occurring in a thicker mechanical layer on Vesta.

Most of the grooves and crater chains likely have a tectonic ori-
gin but further work is necessary to identify if there are more
groove and secondary crater chain ray systems.

5. Discussion

Our study, based mainly on photogeologic structural mapping,
leads to the following main findings:

1. Eight geomorphic units are classified in Caparronia and Domitia
quadrangles, based on morphology, cross-cutting relationships,
spectral properties and topographic properties. Each geomor-
phic unit is heavily influenced by impact cratering and/or
impact-related processes.

2. The Saturnalia Fossae are the first-order dominant structure in
Vesta’s northern hemisphere, and are mainly located in Domitia
quadrangle. The fossae have a mean direction of ESE–WNW.
tural geology of Saturnalia Fossae and adjacent structures in the northern
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Fig. 16. An area at 27�N, 199�E, where many NNE–SSW grooves and crater chains form an approximately radial pattern to Calpurnia crater. Their radial pattern, and the
association of these features with <2 km and secondary craters, suggests that the grooves and crater chains are formed by material ejected by the Calpurnia-forming event
scouring and bouncing across the surface.

Fig. 17. Grooves that are radial to Calpurnia crater and Marcia crater (outside bottom edge of figure), which range from �21�N to �43�N and �180�E to �220�E. These
grooves are likely part of the Marcia–Calpurnia ray system, formed by secondary material ejected from the crater(s) scouring the surface.

Fig. 18. An area at 30�N, 160�E where one set of wider, more prominent grooves cross-cut a set of more muted grooves. The more prominent grooves are mapped as solid
lines with bars and the more muted grooves are mapped as dashed lines. This is one example of many areas in Vesta’s northern regions where there is more than one set of
grooves with different orientations and different ages. Neither is clearly associated with an impact crater.
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Saturnalia Fossa A is the largest, with a maximum width of
�43 km, and is interpreted to be a graben. Fossa B-E are smaller,
with a maximum width of �15 km, and are interpreted to be
half-grabens formed by synthetic faults.
Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
hemisphere of Vesta. Icarus (2014), http://dx.doi.org/10.1016/j.icarus.2014.01.
3. Second-order, adjacent structures also occur in the northern
hemisphere and comprise of minor ridges (�2 km to �25 km
in length), grooves (�3 km to �25 km in length) and crater
chains (�1 km to �25 km in length).
tural geology of Saturnalia Fossae and adjacent structures in the northern
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Fig. 19. Comparison between (a) vestan grooves and pit crater chains, located at 23�N, 117�E, and (b) smaller scale lunar grooves and pit crater chains formed by normal
faulting (33�S, 323�E, LROC NAC frame M104756463R, Watters et al., 2012). The morphologies of the vestan and lunar examples are very similar, suggesting that the features
may have a similar origin and that many of the vestan grooves and crater chains may have a tectonic origin.

Fig. 20. Rose diagrams for the orientations of the (a) fossae, (b) crater chains, (c) grooves and (d) minor ridges. The rose diagrams are oriented so that the data plots with N at
the top and angles increasing in an anticlockwise direction.
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4. Minor ridges are divided into two groups, based on orientation:
one group is approximately aligned E–W, while another group is
approximately aligned NE–SW and N–S. The E–W group are
interpreted as accumulations of regolith, formed by material
flowing and then piling up under the control of the regional
slope. The NE–SW and N–S group are interpreted as wrinkle
ridges, which form under the control of sub-surface thrust faults.

5. Grooves and crater chains have very similar dominant orienta-
tions, both E–W, which suggests that they are end-members of
the same type of feature. Many E–W trending grooves and crater
chains are interpreted to have a tectonic origin, in which case the
crater chains are pit crater chains that form by regolith draining
down in a funnel shape into extension fractures and/or dilational
normal faults at depth, while the grooves represent a more even
down-draining. However, some grooves and crater chains, which
are oriented radially around an impact crater, are interpreted to
form by secondary crater material ejected from the primary
impact crater bouncing and scouring across the surface.

Based on the above observations and interpretations, we pro-
pose the following history for the geologic and geomorphological
Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
hemisphere of Vesta. Icarus (2014), http://dx.doi.org/10.1016/j.icarus.2014.01.
evolution of the study area: the structures identified here can be
classified into two stages of formation, by the scale of impact that
is interpreted to have formed them and by their relative temporal
relationships. In this section large-scale impacts are defined as im-
pact craters with diameters of >100 km and small-scale and med-
ium-scale impacts are defined as impact craters with diameters of
<100 km.

5.1. Stage 1: formation of Saturnalia Fossae by the large-scale
Veneneia impact

The fossae are interpreted to be older than the adjacent structures be-
cause of cross-cutting relationships and morphology. As can be seen in
the geologic maps (Figs. 5 and 6) the adjacent structures are well distrib-
uted both inside and outside of the fossae. If the adjacent structures
formed prior to or synchronously with the fossae the large offsets, of at
least �2 km, necessary for the formation of the fossae would have de-
formed or erased the adjacent structures in a way that is not observed.
Also, since the adjacent structures are significantly shallower and smal-
ler than the fossae (discussed in Section 4, Results), they would have
been modified or erased at a much greater rate than is observed if they
tural geology of Saturnalia Fossae and adjacent structures in the northern
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Fig. 21. An example of grooves cross-cutting a minor ridge. This suggests that at least this set of grooves is younger than the minor ridges. However, this may not be true for
all of the sets of grooves that have been mapped on Vesta.
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formed synchronously with the fossae. As discussed in Section 2, Back-
ground, the Saturnalia Fossae were induced by the Veneneia-forming
impact (Jaumann et al., 2012; Buczkowski et al., 2012; Bowling et al.,
2013).Thus, sincethe Veneneia impactbasin is the secondlargest impact
basin/crater on Vesta’s surface, with a diameter of 450 km (Schenk et al.,
2012), the formation of the Saturnalia Fossae was induced by a large-
scale impact into Vesta’s surface.c

5.2. Stage 2a: formation of a sub-set of adjacent structures by the
large-scale Rheasilvia impact

Formation of a sub-set of the adjacent structures is interpreted
to have been induced by the Rheasilvia impact. This sub-set of
adjacent structures are the minor ridges that are oriented NE–SW
and N–S, which is approximately orthogonal to most of the grooves
and crater chains, which are oriented E–W (Fig. 20). Many of the E–
W grooves and crater chains are interpreted as the surface expres-
sion of extension fractures and/or dilational normal faults at depth
and thus have a tectonic origin. The NE–SW and N–S minor ridges
are interpreted to be thrust faults and consequently are also inter-
preted to have a tectonic origin. Thus, since extension fractures
form approximately orthogonal to thrust faults in a shear zone
(e.g., Sylvester, 1988), these structures are oriented as if they
formed due to simple shear. Consequently, the shear over most
of the surface of Vesta, which was a result of the Rheasilvia-form-
ing impact (Bowling et al., 2013), may have formed the orthogo-
nally oriented sub-set of the minor ridges, grooves and pit crater
chains in Vesta’s northern hemisphere. Therefore, since the Rhea-
silvia impact basin is the largest impact basin/crater on Vesta’s sur-
face, with a diameter of 500 km (Schenk et al., 2012), the formation
of this sub-set of adjacent structures was also induced by a large-
scale impact into Vesta’s surface.

5.3. Stage 2b: formation of another sub-set of adjacent structures by
small-scale and medium-scale impacts

The formation of the remaining adjacent structures is inter-
preted to be induced by small-scale and medium-scale impacts.
As discussed in Section 4, some of the grooves and crater chains
are oriented radially around impact craters and the ejection of sec-
ondary material from these small-scale and medium-scale craters
Please cite this article in press as: Scully, J.E.C., et al. Geomorphology and struc
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is interpreted to have formed these grooves and crater chains. Fur-
thermore, the E–W aligned minor ridges are interpreted to form by
regolith accumulations under the control of regional slope. A likely
mechanism for the initiation of movement of regolith on Vesta is
seismic shaking from nearby impacts (e.g. Jaumann et al., 2012).
For the minor ridges in this study, near-by impact craters are lo-
cated in the northern hemisphere. All of these craters are
<100 km in diameter and are therefore classified as small-scale
and medium-scale.

A principal temporal relationship between the two sub-sets of
adjacent structures is not apparent from cross-cutting relation-
ships. Thus, they are defined as stage 2a and 2b. In a certain area
a set of grooves cross-cut the minor ridges (Fig. 21), which implies
that in this area the minor ridges are older than the grooves and
crater chains, since the end-member relationship of the grooves
and crater chains suggests that they formed synchronously. How-
ever, this relationship may not be consistent for all of the minor
ridges, grooves and crater chains since not all of the groupings of
adjacent structures and cross-cutting relationships between them
have been identified.
6. Conclusions

Vesta’s low gravity and internal differentiation have resulted in
the surface being dominated by impact-cratering and impact-re-
lated processes. Each of the eight geomorphic units identified in
Caparronia and Domitia quadrangles, (1) Vestalia Terra unit, (2)
cratered highlands unit, (3) Saturnalia Fossae trough unit, (4) Sa-
turnalia Fossae cratered unit, (5) undifferentiated ejecta unit, (6)
dark lobate unit, (7) dark crater ray unit and (8) lobate crater unit,
are either modified by impact cratering processes, directly formed
by impact cratering processes or produced by impact-induced
processes.

Furthermore, impact-induced processes of a variety of scales
form the structural features mapped in Vesta’s northern hemi-
sphere. Vesta’s unique combination of low gravity and internal dif-
ferentiation facilitated the formation of the Saturnalia Fossae,
which are interpreted to be induced by the formation of the
large-scale Veneneia impact basin. In contrast, a sub-set of the
adjacent structures, which can be divided into minor ridges,
tural geology of Saturnalia Fossae and adjacent structures in the northern
013

http://dx.doi.org/10.1016/j.icarus.2014.01.013


18 J.E.C. Scully et al. / Icarus xxx (2014) xxx–xxx
grooves and pit crater chains, is interpreted to be induced by the
formation of the large-scale Rheasilvia impact basin. This demon-
strates that large-scale impacts can induce the formation of smal-
ler scale structural features on Vesta as well as large-scale fossae.
Finally, small-scale and medium-scale impacts also form another
sub-set of adjacent structures, which are divided into minor ridges,
grooves and crater chains, through the scouring of secondary mate-
rial and accumulation of regolith due to seismic shaking.

By examining the nature of large and small structures in Vesta’s
northern hemisphere, and their connections to impacts of a variety
of scales throughout Vesta’s surface, we have explored the link be-
tween impact cratering and structural processes. This link is ex-
pressed in a unique way on Vesta due to its intermediate status
in the Solar System as a differentiated asteroid with lower gravity
than other, larger, differentiated bodies.
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