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GEOMORPHIC MAPPING OF THE CALORIS BASIN, MERCURY. D.L. Buczkowski, S. Edrich and K.D.
Seelos, Johns Hopkins University Applied Physics Laboratory, Laurel, MD 20723, Debra.Buczkowski@jhuapl.edu.

Introduction: Two Mercury quadrangles based on
Mariner 10 data cover the Caloris basin (Fig. 1): H-8
Tolstoj [1] and H-3 Shakespeare [2]. The dark annulus
identified in MESSENGER data corresponds well to
the mapped location of certain formations [3], primari-
ly the Odin Formation. The Odin Formation is de-
scribed in the quadrangle maps as a unit of low, closely
spaced knobs separated by a smooth, plains-like mate-
rial and was interpreted as ejecta from the Caloris im-
pact. Schaber and McCauley [1980] observed that the
intra-ejecta plains in the Odin Formation resemble the
Smooth Plains unit that was also prevalent in the H-8
and H-3 quadrangles outside of Caloris. They state
that these plains were included as part of the Odin
Formation for mapping convenience, not because they
necessarily shared the same formation mechanism.

Crater counts based on MESSENGER imagery in-
dicate that the Odin intra-ejecta plains are younger
than the Caloris floor plains within the basin [4,5].
This is inconsistent with the intra-ejecta plains being
Caloris ejecta but is consistent with the plains being
fingers of the smooth plains unit embaying the Odin
ejecta knobs.

However, the intra-ejecta plains are not the same
color as the smooth plains in Mercury Dual Imaging
System (MDIS) data [3]; while the smooth plains are
bright, the intra-ejecta plains are the same dark color as
the ejecta knobs. A possible explanation is that the
Odin knobs and intra-ejecta dark plains represent two
facies of dark basement material excavated by the
Caloris impact.  Alternately, the intra-ejecta plains
could represent a dark volcanic flow, distinct from the
bright smooth plains volcanic flow; however, it would
have to be a volcanic flow restricted to a region cir-
cumferential to the basin. A third possibility is that the
intra-ejecta dark plains are a pre-Caloris smooth mate-
rial (possibly the Intercrater Plains unit) darkened by a
thin layer of superposed dark Odin material.

This abstract outlines the progress associated with a
new mapping project of the Caloris basin and its asso-
ciated intra-ejecta plains, intended to improve our
knowledge of the geology and geologic history of the
basin, and thus facilitate an understanding of the ther-
mal evolution of this region of Mercury.

Previous Caloris basin mapping: A detailed anal-
ysis of the Odin Formation performed by [5] noted that
the unit is easily recognizable circum-Caloris in the
MESSENGER data and concluded that the Odin For-
mation knobs are Caloris ejecta blocks that have been
mostly embayed and buried by younger volcanic de-
posits. They found that MDIS color data supported
this hypothesis and divided the formation into two sub-
units: knobby plains and smooth plains. However, re-

cent work by [6] suggests that there is still no defini-
tive proof that the Odin-style plains have either an im-
pact or volcanic origin.

High-resolution mapping of the intra-ejecta dark
plains: We use high resolution imaging data from the
MDIS instrument to create our geomorphic map of the
Caloris basin, particularly the dark annulus around the
basin (Fig. 2). We utilize a principle component map
[3] to distinguish subtle differences in the color data.
In the principle component map green represents the
second principle component (PC2), which reflects var-
iations between light and dark materials. Meanwhile,
red is the inverted PC2 and blue is the ratio of normal-
ized reflectance at 480/1000 nm, which highlights
fresh ejecta.

We map all contacts between bright and dark mate-
rials within the intra-ejecta plains, as determined in the
principle component map, as sub-units of the Odin
Formation (Fig 3a). All knobs are mapped individual-
ly and their color (either dark or bright) is noted (Fig
3b). Ejecta blankets from local craters (both extent
and color) are mapped separately (Fig 2a).

All craters are mapped according to a newly devised
crater classification scheme. The crater classification
used in the Tolstoj and Shakespeare quadrangles [1,2]
and formalized in 1981 [7] was based on degree of
crater degradation. Our classification scheme includes
both degradation state and level and type of infilling.
Current classifications include: 1) blue and pristine, 2)
fresh but not blue, 3) intact rim and superposed, 4)
intact rim and embayed, 5) degraded rim and super-
posed, 6) degraded rim and embayed, 7) very degraded
and superposed, 8) very degraded and embayed and 9)
little to no rim.

Observations: The Odin Formation shows two dis-
tinct sub-units: a dark sub-unit and a (relatively) bright
sub-unit. The dark sub-unit has a higher concentration
of knobs, knobs that are both bright and dark and cra-
ters that are both embayed and superposed. Mean-
while, the bright sub-unit has a lower concentration of
knobs, knaobs that are predominantly bright and craters
that are fresh and/or superposed. Outcrops of the
bright material can be associated with crater ejecta
blankets, but are not always.

Crater counts on dark and bright sub-units may be
affected by the relatively small size of craters (< 20
km). Work by [8] indicates that secondary craters on
Mercury can be as large as 25 km. However, the ob-
servation that dark sub-unit craters encompass all
crater classifications while bright sub-unit craters are
almost uniformly fresh and superposed does imply that
the bright sub-unit is younger.



References: [1] Schaber and McCauley (1980) 308 [6] Denevi et al (2013) JGR doi:10.1002/
USGS Map 1-1199 [2] Guest and Greeley (1983) jgre.20075 [7] McCauley et al (1981) Icarus 47, 184-
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Figure 1. MESSENGER mosaic of the Caloris basin overlain by
portions of the H-8 Tolstoj [1] and H-3 Shakespeare [2] quadrangles.
Odin Formation is light blue; Smooth Plains are pink. Black box
indicates location of Figure 2.
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Figure 2. Geomorphic map of the Caloris basin, both over the MESSENGER mosaic (A) and without the background image (B).

Figure 3. Part of Caloris dark annulus used as Odin Formation example in [5]. a) Principle component map, to demonstrate how
bright and dark sub-units were mapped. Sub-units are labeled. b) Odin Formation knobs, shown with sub-unit contacts (dashed
lines). Green knobs are dark in the MDIS principle component map; red are light. Note that the majority of knobs are identified
in the dark sub-unit.



GEOLOGIC MAPPING OF THE BETA-ATLA-THEMIS (BAT) REGION OF VENUS. Leslie F. Bleamaster
1111’2, 1Planetary Science Institute, 1700 E. Ft. Lowell Rd., Suite 106, Tucson AZ, 85719; 2Trinity University
Geosciences Department, One Trinity Place #45, San Antonio TX, 78212. (Ibleamas@trinity.edu)

Introduction: The Beta-Atla-Themis (BAT)
province is of particular interest with respect to
evaluating Venus’ geologic, tectonic, and volcanic
history and provides the opportunity to test global
paradigms regarding her thermal evolution. The BAT is
“ringed” by three extensive volcano-tectonic troughs
(Parga, Hecate, and Devana Chasmata), has an
anomalously high-density of volcanic features with
concentrations 2-4 times the global average [1], and is
spatially coincident with relatively “young terrain” as
illustrated by Average Surface Model Ages [2, 3]. The
BAT province is key to understanding Venus’ relatively
recent volcanic and tectonic modes and may even
contain sites of active volcanism, proposed by Dombard
et al., [4] based on geophysical modeling and Smrekar
et al, [5] based on Venus Express emissivity
anomalies. Geologic mapping of the BAT is
constraining the geologic and temporal relations of
100s of volcano-tectonic centers along the BAT’s three
major rift zones providing new insight into this
relatively young setting. Mapping will also test the
pseudo-coronae  hypothesis [6] that states that
lithospheric, and more importantly, crustal thickness
variability plays and important role in the general
spatial distribution of coronae as well as the spatio-
temporal association of coronae and chasmata.

Mapping efforts include the construction of two
1:10,000,000 scale quadrangles that cover the entire
BAT province — Guinevere Planitia (I-2457) in the
north and Helen Planitia (I-2477) to the south (Figure
la). The two mapping quadrangles have been merged
into one ArcGIS geodatabase and a regional framework
is being developed.

Helen Planitia (I-2477; 0-57°S/180-300°E) covers
over 70 million square kilometers (approximately 1/8™)
of the surface of Venus and contains the full length of
the Parga Chasmata (~10,000 km long), which connects
Atla Regio in the west to Themis Region in the east.
Along its length are several hundred radial and circular
structures and their associated digitate and lobate flows.

The majority of these radial/circular features lie
within a few hundred kilometers of the Parga Chasmata
rift system marking a southeast trending line of
relatively young volcano-tectonic activity. Although
some very localized embayment and crosscutting
relationships display clear relative age relations
between centers of activity and their flows, the majority
of Parga Chasmata volcanism and tectonism overlaps in
time along its length [7,8].

Four particular coronae: Maram (600 km), Atete (600
km), Kulimina (170 km), and Shiwanokia (500 km)
display unique morphologic characteristics and map
relations suggesting extremely youthful, possibly
current, activity. Characteristics include superposing

flows of hundred kilometers in length, fractures and
faults that trend parallel to Parga Chasmata suggesting
they post-date the main rift, and relatively high
topographic relief with steep concentric bounding
scarps [8].

Of particular interest is the correlation between the
mapping relations of these particular coronae and
geophysical analyses by Dombard et al. [4], which
indentified these four coronae as “active.” The four
coronae are distributed (a few hundred to thousands of
kilometers apart) along the central axis of Parga
Chasmata suggesting that if these coronae do represent
current volcanism and tectonism, that activity is spread
out along the central axis of the chasmata and not
focused at one end or the other.

Guinevere Planitia (I-2457; 0-57°N/180-300°E)
covers an equally large proportion of the planet in the
northern hemisphere. Atla and Beta Regiones mark the
west and northern apices of the BAT triangle and are
connected by discontinuous topographic troughs made
up of Zevana (~1000 km), Hecate (~3200 km), and
Latona (~550 km) Chasmata. Collectively, these
chasmata along with their associated coronae and mons
define a diffuse volcano-tectonic zone comparable to
Parga Chasmata in the south, but perhaps to a less
evolved state [8] as suggested by the chasmata’s less
integrated structure.

The degree to which coronae and chasmata are
related and the nature of these volcano-tectonic rift
zones remains elusive. However, local geologic studies
within Guinevere Planitia, like in Helen Planitia, reveal
geomorphic and structural features indicating relatively
youthful activity. The Dombard et al. [4] work
proposed three candidate sites of current activity in the
north. Although, correlations between mapping
relations and modeling are not a strong as in the south,
two of the three proposed sites display similar
morphologic and topographic characteristics, as well as
locally young flows (Aruru and Zisa Coronae). The
third site, an unnamed volcano-tectonic center of ~150
km diameter, rests in the middle of Zverine Chasma (a
location consistent with the postulate that contemporary
activity will be centered along the rift axis).

Devana and Rona Chasmata form a deformational
belt along the eastern BAT that begins north of Beta
Regio (in the Guinevere quad), extends south through
Phoebe Regio, and ends near the northern edge of
Themis Regio (in the Helen quad) (Figure. 1a). Kiefer
and Swafford [9] proposed that Devana was a
discontinuous rift by gravity analysis and lithospheric
extension measurements. The slight bend seen along the
study section in the rift (Figure 1b) was selected as an
offset region connecting two distinct rift arms from the
north and the south respectively. Detailed structural



mapping, including the locations and structural density
of major fault systems, chasmata, and the distribution of
coronae and pseudo-coronae confirms a morphologic
difference between Devana and Rona Chasmata
(accepted new name, IAU 2012). With two
propagating rifts, three possible formation scenarios
arise: the two legs were either formed synchronously;
the northern leg formed first; or the southern leg formed
first. Mapping of Devana/Rona Chasma overlap section
supports the third scenario of rift development (Figure
1b). This conclusion, by proxy, supports the conclusion
that activity associated with Beta Regio in the north is
younger than rifting from the south in Pheobe Regio.
Future: These locations present ideal targets of
opportunity for any future mission designed to
investigate Venus’ operative modes of volcanic
resurfacing and tectonic activity. Increases in
topographic and gravity field resolution would help

constrain age determinations between rifting and
volcanism; greater emissivity sensitivity, resolution,
and coverage would improve detection of anomalously
high or low thermal emission related to temperature or
composition; and repeat path interferometric SAR may
directly detect changes of the ground surface.
References: [1] Head et al.,, (1992) J. Geophys. Res.,
97(E8), 13,153-13,197. [2] Phillips, R.J. and Izenberg, N.R.
(1995) Geophys. Res. Lett., 22, 1517-1520. [3] Hansen, V.L.
and Young, D.A. (2007) GSA Special Paper 419, 255-273. [4]
Dombard et al., (2007) J. Geophys. Res., 112, E04006,
doi:10.1029/2006 JE002731. [5] Smrekar, S.E. et al., (2008)
EOS Trans. AGU, Fall Meet. Suppl. 89, P22A-03 [6]
Bleamaster III, L.F. and Hansen, V.L. (2004) J. Geophys.
Res., 109, E02004, doi:10.1029/2003JE002193. [7]
Bleamaster III, L.F. (2008), Ann. Meet. Planet. Geo. Maps.
NASA/CP-2008-215469 [8] Bleamaster III, L.F. (2007) LPSC
XXXVIII, abstract 2434. [9] Kiefer W.S. and Swafford, L.C.
(2006) J. Struct. Geo., 28, 2144-2155.
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Figure la. The Beta Atla Themis province (apices identified by white letters) is a region of anomalously high
volcanic, tectonic, and relatively youthful activity (major chasmata identified by black letters). Figure 1b.
Devana/Rona Chasmata rift offset.



Terra Sirenum Region: Providing a Window into pre-Tharsis and Tharsis Phases of

Mars Crustal Evolution

Robert. C. Anderson®, James M. Dohm", S. Robbins®, B. Hynek®, “Jet Propulsion Laboratory, California Institute
of Technology, Pasadena, CA 91109, *University of Arizona (jmd@hwr.arizona.edu), Department of Hydrology
and Water Resources, Tucson, Arizona, USA, “Laboratory for Atmospheric and Space Physics, University of
Colorado, Boulder, Colorado USA, robert.c.anderson@jpl.nasa.gov.

Introduction: Structural mapping is vital to
unraveling the geologic histories at local to global
scales on Earth as well as Mars. For the equatorial
region of Mars, the formation of the Tharsis rise
dominated the geologic and tectonic histories. A key
region to assess this major part of the geologic
history of Mars is Terra Sirenum region. As such, we
are constructing a geologic map of the region at
1:5,000,000-scale in both digital and print formats
that will detail, in particular, the stratigraphic and
crosscutting relations among rock materials and
tectonic structures.

The Terra Sirenum region, which is located to the
southwest of Tharsis, records not only the early
development of the Tharsis magmatic complex [1-3],
but just as importantly, contains some of the oldest
stratigraphic units found in the western hemisphere
region of Mars. Detailed examination of the
structures and units within this region provides an
excellent window into identifying the tectonic
processes that resulted from the formation of Tharsis,
but also structures that influenced the geologic
evolution of the ancient (pre-Tharsis) phase of the
evolution of Mars. Here, we present recent results
from our mapping effort detailing the geologic
history of this region.

Fig. 1 Stratigraphic map of the Terra Sirenum region of Mars.

Overview of Pre-Tharsis Terrains: Pre-Tharsis
tectonism identified in this region is expressed by 1)
stratigraphic units displaying magnetic signatures, 2)
a set of largely north-trending prominent complex

faults (defined as macrostructures [4] due to their
enormous geometric proportions including lengths
reaching thousands of kilometers), and 3) numerous
structurally-controlled basins (widths vary from
kilometers to hundreds of kilometers) displaying
water enrichment in the substrate reminiscent in
many respects to the Basin and Range topography,
found in the southwest United States. Some of the
marcostructures might be related to the incipent
development of Tharsis.

Tharsis-Influenced Terrains: Following the early
dynamic ancient pre-Tharsis stage of Mars evolution,
the growth of Tharsis intermingled with the pre-
existing structures. Some of the structures attributed
to the formation of Tharsis in this region include
reactivation of ancient basement structures and the
formation of the South Tharsis Ridge Belt, additional
basin formation, the formation of large faults systems
(e.g., Sirenum Fossae), and dike emplacement
centered about Tharsis [2-5].  There is strong
evidence suggesting interplay between the
macrostructures, the water-enriched structurally
controlled basins, and the Tharsis-centered faults and
dikes. Examples of this interplay include Mangala
Valles that sources from a Tharsis-centered fault in
one of the north-trending basins and collapse
structures along some of the Tharsis-centered faults,
some of which display fluvial activity.

Impact Crater Perspective: Crater statistics have
been recently completed for our stratigraphic map of
the Terra Sirenum region (Fig. 2 — Table 1) using a
new global impact crater database [6-7]. In addition,
all impact craters with diameters > 3 km were
manually examined to identify only those superposed
on the most recent resurfaced terrains: those impact
craters that display pristine rims and ejecta blankets,
and well-defined bowl-shaped basins with little to no
infill that have no visible evidence of volcanic,
fluvial, and tectonic resurfacing. The superposed
impact craters were additionally verified through
ConTeXt camera images where there was coverage
[8]. The impact crater retention ages are shown in
Table 1 partly based on the modeling schemes of [9]
and [10].

The following is observed through Table 1 in
conjunction with the geologic mapping: (1) ancient
cratered highlands basements including



macrostructures  are  Early  Noachian-Middle
Noachian; (2) basin formation was established by the
Middle Noachian with possible subsequent growth;
(3) lavas on the western flank of Tharsis were
emplaced during the Late Noachian to Late
Hesperian (Stages 2-4, see [1-3]) and even as late as
Middle Amazonian based on the superposed crater
counts; (4) Late Noachian-Early Amazonian
resurfacing of cratered highlands material, tectonic
structures, and basins based on the superposed crater
counts, correlative with the significant stages of
Tharsis development (Stages 1-4), and (5) the source
region of Mangala Valles has no superposed impact
craters, which indicates Amzonian resurfacing.

SUMMARY. Ancient terrains, that record a dynamic
phase in the evolution of Mars, merits further
investigation. For example, what are the primary
rocks that compose the ancient terrains and what
caused the Basin and Range-like topography? Such a
region could help us address whether Mars records

and ancient phase of plate tectonism, perhaps very
different then that of the Earth.
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Table 1. Cumalative crater densities and unit ages of geologic units in the Terra Sirenum region.

Name Area (km?) Type N(Q3)* N(5)* N(16)* N(3) Age N(5) Age N(16) Age Epoch
Basin 1 Rough Unit 257,751 T,N 632+50 407+40 144424 3.82+0.01 3.87+0.02 3.92+0.03 MN-LN
T,H 3.66+0.01 3.76+0.01 3.93+0.02 MN-EH
S, N 302434 132423 8+5 3.68+0.02 3.66+0.04 2.12+1.3 EH-EA
S, H 3.45+0.04 3.47+0.05 2.21£1.0 MN-LN
Basin 1 Smooth Unit 69,673 T,N 459+81 287+64 100+38 3.77£0.03 3.80+0.04 3.92+0.06 MN-LH
T,H 3.59+0.04 3.67+0.04 3.94+0.04 EH-LH
S,N 244459 129443 29+21 3.64+0.06 3.64+0.08 3.50+1.0 LH
S, H 3.34+0.15 3.43+0.14 3.46+0.60 MN-LN
Basin 2 Unit 310,578 T,N 557442 345433 171423 3.80+0.01 3.84+0.02 3.94+0.02 MN-EH
T,H 3.64+0.01 3.72+0.01 3.95+0.02 EH-LH
S, N 229427 93+17 19+8 3.63+0.03 3.58+0.05 3.5540.16 LH-EA
S, H 3.31+0.07 3.28+0.14 3.58+0.09 LH-EA
Basin 3 Unit 19,908 T,N 402+142 251+112 100£71 3.74+0.07 3.79+0.08 3.87+0.16 MN-LN
T,H 3.56+0.08 3.66+0.08 3.88+0.10 MN-LH
S,N Not Superposed
S,H Not Superposed
Highland 1 Unit 81,363 T,N 762+97 504+79 86433 3.85+0.02 3.91+0.02 3.77+0.07 MN-LN
T,H 3.71+0.02 3.80+0.02 3.76+0.05 LN
S,N 209+51 135441 3.62+0.06 3.67+0.07 EH
S, H 3.27+0.20 3.50+0.09 LH
Highland 2 Unit 365,221 T,N 849448 553439 197+23 3.87+0.01 3.92+0.01 3.97+0.02 EN-MN
T,H 3.72+0.01 3.81+0.01 3.97+0.01 EN-LN
S, N 367432 156421 19+7 3.72+0.02 3.70+0.03 3.48+0.21 LN-LH
S, H 3.52+0.02 3.54+0.03 3.50+0.12 LH
Highland 3 Unit 1,197,850 T,N 852427 585422 171+12 3.87+0.01 3.93+0.01 3.95+0.01 EN-MN
T,H 3.72+0.00 3.82+0.00 3.96+0.01 EN-LN
S, N 276+15 143+11 1844 3.66+0.01 3.68+0.02 3.48+0.10 LN-LH
S.H 3.40+0.02 3.51+0.02 3.5140.06 LH
Lobate A Unit 922,775 T,N 200+15 118+11 59+8 3.58+0.02 3.64+0.02 3.77+0.03 LN-LH
T,H 3.11+0.09 3.43+0.03 3.78+0.02 LN-LH
S, N 5248 16+4 3+2 1.99+0.29 1.27+0.33 1.03£0.60 MA
S, H 0.87+0.10 0.6540.13 1.12+0.48 MA
Lobate B Unit 12,084 T,N 4974203 248+143 3.95+0.06 3.9840.11 Basement not flow
T.H 3.87+0.05 3.99+0.07 Basement not flow
S,N Not Superposed
S,H Not Superposed
Older Cratered Unit 305,477 T,N 593+44 344434 72+15 3.81+0.01 3.84+0.02 3.81+0.04 MN-LN
T,H 3.66+0.01 3.73+0.01 3.82+0.03 MN-EH
S,N 249429 121420 13+7 3.65+0.03 3.64+0.04 3.42+0.62 EH-LH
S, H 3.38+0.05 3.44+0.06 3.46+0.24 LH
Younger Cratered Unit 272,632 T,N 873457 381+37 114420 3.87+0.01 3.86+0.02 3.8740.03 MN
T,H 3.73+0.01 3.74+0.01 3.88+0.02 MNMN-LN-LN
S, N 293433 139423 18+8 3.68+0.02 3.68+0.03 3.48+0.35 EH-LH
S, H 3.45+0.04 3.51+0.04 3.5040.16 LH

*Crater density is per 10° km®
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Introduction: We are using recent image, spectral
and topographic data to map the geology of the lunar
South Pole quadrangle (LQ-30) at 1:2.5M scale [1-7].
The overall objective of this research is to constrain the
geologic evolution of LQ-30 (60°-90°S, 0°-+180°) with
specific emphasis on evaluation of a) the regional ef-
fects of impact basin formation, and b) the spatial dis-
tribution of ejecta, in particular resulting from forma-
tion of the South Pole-Aitken (SPA) basin and other
large basins. Key scientific objectives include: 1) De-
termining the geologic history of LQ-30 and examining
the spatial and temporal variability of geologic proc-
esses within the map area. 2) Evaluating the distribu-
tion of volcanic materials within the map area. And 3)
constraining the distribution of impact-generated mate-
rials, and determining the timing and effects of major
basin-forming impacts on crustal structure and strati-
graphy in the map area.

Methodology: This project utilizes ArcGIS (v.
10.1) to compile image, topographic and spectral
datasets to produce a geologic map of LQ-30. The
study uses the Lunar Reconnaissance Orbiter (LRO)
Wide Angle Camera (WAC) mosaic (~100 m/pixel) as
its primary base to characterize geologic units from
surface textures and albedo, identify contacts and struc-
tures, and map impact craters (D>1 km). Additional
datasets are being used to complement the base and
include mosaics (Lunar Orbiter, Clementine UVVIS
and NIR), images (LROC, Clementine UVVIS and
HIRES, and Lunar Orbiter), Clementine color ratio
data, Moon Mineralogy Mapper (M3) multispectral
data, and LOLA topography.

Regional Geology: LQ-30 exhibits ~16 km of re-
lief. The near side consists predominantly of cratered
highlands, is more heavily cratered and displays higher
elevations than the far side. This difference is due to
the overwhelming presence of SPA, which encom-
passes nearly all of the far side map area.

SPA is the largest (D=2600 km, ~18 km deep) and
oldest (pre-Nectarian) impact basin identified on the
Moon [8-10]. Models suggest that SPA formed by an
oblique impact that excavated material from the upper
crust [11,12] to the lower crust or upper mantle
[13,14]. Galileo and Clementine multispectral data
show enrichment in mafic materials [15-19] and LP-
GRS data show enhancements in both Fe and Th [20-
23] within the basin relative to the surrounding high-
lands. The materials exposed within SPA, such as in
central peaks or in crater walls, could be used to esti-
mate the composition of the lower crust/upper mantle.

Mapping Results: LQ-30 hosts all or part of 46
impact features greater than 100 km in diameter that
would have significantly affected the structure of the

crust and redistributed large amounts of material across
the surface [7]. Impact craters display morphologies
ranging from simple to complex [7-9,24] and most
contain floor deposits distinct from surrounding mate-
rials. Most of these deposits likely consist of impact
melt; however, some deposits, especially on the floors
of the larger craters and basins (e.g., Antoniadi), ex-
hibit low albedo and smooth surfaces and may contain
mare. Higher albedo deposits tend to contain a higher
density of superposed impact craters.

Antoniadi Crater. Antoniadi crater (D=150 km;
69.5°S, 172°W) is unique for several reasons. First,
Antoniadi is the only lunar crater that contains both a
peak ring and a central peak, placing it morphologi-
cally between impact craters and multi-ring basins
[8,9]. Second, it contains the lowest elevations on the
Moon (-8.5 km), which may provide access to lower
crustal/upper mantle materials via its central peak and
peak ring. Its floor deposits consist of dark smooth
material near the center of the crater, and brighter more
rugged material between the peak ring and crater wall
[7,25]. Recent mapping shows that the dark material
embays the rugged material, as well as the peak ring
and central peak. The rugged material likely includes
impact melt. Superposition relationships indicate the
dark material was emplaced after the rugged material
and may consist of mare [7].

Crater size-frequency distributions for small cra-
ters (D<10 km) superposed on Antoniadi's ejecta blan-
ket suggest an Upper Imbrian age, whereas craters
greater than 10 km in diameter suggest a Lower Im-
brian/Nectarian age [7,25]. It is important to note that
Antoniadi's ejecta blanket also contains a significant
number of secondary craters that are likely included in
the counts and will affect age determination.

Schrédinger Basin. Schrodinger basin (76° S, 134°
E) is one of the least modified lunar impact basins of
its size, is believed to be Imbrian in age [6-8,26], and is
likely one of the last major basin-forming impact
events on the Moon, slightly older than the Orientale
impact, which emplaced secondary craters on
Schrodinger's floor [26]. The basin exhibits an outer
ring (D=312 km) that defines its rim and an inner peak
ring (D=160 km) represented by a discontinuous ring
of mountains. LOLA topography shows the basin is ~8
km deep with elevations of ~2.5 km (max) along the
western rim and -5.5 km (min) on the floor [6,7].

Arcuate to linear fractures are prominent on the
basin floor and occur concentric and radial to the basin
rim. Most fractures bisect plains-forming units, but
some bisect the peak ring. These features are a few
kilometers wide, and tens to a few hundred kilometers
long and appear similar to other floor-fractured craters
on the Moon and Mars [27].



Mapping has identified nine distinct units in the
Schrédinger Assemblage organized into three groups -
Basin Materials, the Plains Formation, and the Vol-
canic Formation [6,7].

Basin Materials: The oldest materials exposed in
Schrodinger are Schrédinger peak ring material and
Schrédinger basin rim material [6,7]. The peak ring
material forms an incomplete ring of mountains around
the center of Schrodinger. The basin rim material forms
the topographic rim crest and interior wall of
Schrodinger. These materials are interpreted to consist
of pre-Schrodinger crustal materials uplifted following
the impact event [6,7,12,28].

Plains Formation: The floor of Schrédinger is cov-
ered with plains-forming materials that display a vari-
ety of surface textures and albedos. Schrddinger rug-
ged plains material is the oldest plains material on the
basin floor. Most exposures are found outside of the
peak ring and form heavily cratered and knobby pla-
teaus and massifs of moderately high albedo [6].
Schréadinger hummocky plains material occupies much
of the floor along the northern and western walls within
Schrodinger, and in the south where the peak ring is the
most discontinuous. Hummocky plains display moder-
ately cratered, low albedo surfaces with gently rolling
topography [6]. The rugged and hummocky plains ma-
terials are interpreted to consist of impact melt [6,7].

Schrédinger smooth plains material, found just in-
side the peak ring, embays the rugged plains, peak ring
and basin wall materials. The smooth plains display
moderate to high albedo and contain few craters [6].
Schréodinger mottled plains material, found primarily
in the center of Schrédinger, displays a smooth surface
that is lower in albedo and less cratered than the
smooth plains. The smooth plains and mottled plains
materials are interpreted to be volcanic (mare) in na-
ture, possibly erupted via floor fractures [6,7].

Schrédinger knobby plains material forms two
high-albedo deposits along the southern basin wall.
These deposits exhibit lobate edges, and clusters of
rounded and elongated knobs. Knobby plains material
is interpreted to be (a) impact ejecta, (b) basin wall
materials emplaced by landslides, and/or (¢) more rug-
ged exposures of the rugged plains [6,7].

Volcanic Formation: Volcanic materials are con-
centrated inside Schrédinger's peak ring. Schrddinger
dark plains material displays a smooth, featureless,
low albedo surface. Clementine UV VIS color ratio data
show these deposits are more mafic relative to other
Schrédinger plains [6]. Within one exposure, a long
(10s of kilometers) sinuous rille emerges from the mot-
tled plains and terminates within the dark plains. Dark
plains material is interpreted to be composed of fluid
basaltic lavas [5-7].

A small (D=5 km) well-preserved ovoidal cone is
found in the eastern part of Schrédinger, just inside the
peak ring. The cone displays ~500 m of relief above
the surrounding plains and is ~400 m deep from its

floor to its rim [6]. The cone has been characterized as
a "maar" crater [26] and a "dark-halo crater" (DHC)
[29], and has been identified as the source of pyroclas-
tic eruptions [26,29]. Schrédinger dark material forms
a small deposit that surrounds and forms the flank of
the DHC. This deposit exhibits a relatively smooth,
lightly cratered surface with lower albedo than the sur-
rounding plains [6]. Schrodinger dark material displays
an unusually strong mafic band (950/750 nm versus
750 nm) in Clementine UVVIS data, but also displays
similarities to lunar highland soils [29]. Based on the
unit's relationship with the DHC and its spectral signa-
ture, Schrodinger dark material is interpreted to consist
partly of mafic materials emplaced via pyroclastic
eruptions originating from the DHC [6,7]. The deposit's
spectral signature suggests contamination by feld-
spathic highland-type materials either by superposed
crater materials and/or vertical mixing [29].

Mare Deposits. Mare deposits are found on the
floors of some impact craters, but are also found on the
floor of Australe basin along the eastern limb near the
northern edge of the map area (~62°S, 90°E). These
deposits are dark and smooth in appearance, but some
are brighter and more rugged suggesting they are older
and have been modified since their emplacement by (1)
mantling by ejecta, (2) mixing by subsequent impacts,
and/or (3) gardening and regolith development [7,8].
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Introduction: Constraining physical and mechani-
cal models of lunar volcanic processes requires a full
inventory, characterization and stratigraphic analysis
of volcanically-produced surface materials. To this
end, we are constructing a 1:2,500,000-scale map of
Planck Quadrangle or Lunar Quadrangle 29 (Figure 1),
which includes west SPA. Previous maps of the region
[1, 2] were based on Lunar Orbiter images, which in
most cases were oblique, low-resolution images and in
every case did not contain mineralogical or elemental
information. In this investigation, we document the
stratigraphy, extent and characteristics of west SPA by
incorporating regional morphology, composition, to-
pography, elevation and elemental abundance data.

Figure 1. Plélnck Quadrangle (outlined in black) with
large impact structures noted.

Geologic Setting: The quadrangle is dominated by
the western portion of the pre-Nectarian South Pole-
Aitken Basin. This basin is the oldest and deepest in
the Solar System [e.g., 3-5]. The basin floor is domi-
nated by multiple, overlapping impact structures from
sizes below resolution to over 600 km across.

Previous work [1, 2] identified mare deposits as the
primary volcanic product in the region. These deposits
were dated as Imbrian-aged and mapped as discrete,
non-contiguous deposits [6] occurring exclusively
within or breaching the rims of craters or basins (areas
of low crustal thickness [5]). Based upon assessment of
the morphology [7] and subsequent compositional
analysis [8, 9], the composition of these ponds was
interpreted as basaltic, similar to the nearside maria,
but low in mafic material such as Fe and Ti (possibly
due to vertical or lateral mixing of non-mare soils be-
neath these thin, areally small deposits [10]). Potential
pyroclastic deposits were mapped only in basins such
as Poincaré. Cryptomare material (patches of basaltic

material buried or mixed into the regolith as a result of
impact activity [e.g., 11]) does not appear in previous-
ly-published geologic maps of the region [1, 2].

Data Sets and Collection: Morphology was de-
termined using ~100 m/pixel Lunar Reconnaissance
Orbiter Camera (LROC) images as the basemap (Fig-
ure 1). Clementine multispectral data was utilized to
extract compositional information. Coverage includes
ultraviolet/visible (5 bands between 415 and 1000 nm)
and near-infrared (6 bands between 1100 and 2780
nm) data. We examined the 750/950 nm, 750/415 nm,
and 415/750 nm band ratios. The 750/950 nm ratio
(green channel) indicates FeO content; the deeper the
absorption feature, the greater the FeO content. The
other band ratios measure the red-to-blue “continuum
slope;" the younger the soil, the flatter the slope. Data
acquired by the Lunar Orbiter Laser Altimeter (LOLA)
yields topographic data at 100 m/pixel.

Volcanic deposits were identified based on albedo,
texture, morphology and spectral signature. Smooth,
low-albedo surface materials with relatively sharp
boundaries and elevated mafic content were mapped as
mare deposits. Rougher surface deposits with very low
albedo, diffuse or irregular boundaries, and elevated
mafic content were mapped as pyroclastic deposits.
Areas of heightened mafic content that otherwise
showed little or no morphologic indication of volcanic
origin were considered potential candidates for cryp-
tomare materials and were tagged for further study.

Observations and Interpretations: Using these
data sets, we identified ~40 potential volcanically-
emplaced surface deposits. This total includes 22
smooth, low-albedo, higher-Fe deposits we interpret to
be mare deposits or ponds, and ~18 rougher, very low-
albedo, higher-Fe materials with irregular, diffuse
boundaries we interpret to be pyroclastic materials.
The uncertainty in the number of pyroclastic materials
stems from the diffuseness of most boundaries; it is not
always clear whether a deposit should be divided into
multiple discrete deposits. Several candidate areas for
the presence of cryptomare materials were also identi-
fied, including small patches in Planck.

We confirm the previous identification of most
mare units based on morphologic characteristics,
though we refined the boundaries of some of these
deposits using higher resolution morphologic data,
Clementine compositional data, and LOLA-derived
topographic data.

However, in the work presented here we have iden-
tified additional mare materials, as well as several pre-



viously unmapped pyroclastic deposits. For traditional
mare materials, our mapping indicates that 5% should
be added to the previous areal total, due to the refining
of boundaries and redefining of 1-2 smooth plains de-
posits as mare deposits. Additionally, we preliminarily
add 3,000-5,000 km? of areal coverage to the volcanic
inventory in the form of pyroclastic deposits. A greater
surface area of west SPA is thus covered with volcan-
ics than previously mapped. This increased area im-
plies a higher volcanic flux. Higher resolution also
reveals finer features than were previously identifiable,
that may inform volcanic history. These include poten-
tial individual flows, wrinkle ridges, and fractures as-
sociated with pyroclastic deposits.

Discussion:  Geologic mapping of west South
Pole-Aitken (SPA) indicates that a larger area than
previously indicated is covered by volcanic deposits;
this would potentially place new constraints on our
understanding of the global lunar thermal budget. We
are refining crater frequency-derived ages to determine
whether the period of volcanic activity in this area may
be extended in time as well as space.

We infer from the broader morphologic range of
identified and mapped volcanic products that mode of
emplacement of volcanic deposits (an indication of

conditions at depth) was more diverse in west SPA
than previously assumed. Association of fractures with
low-albedo deposits interpreted to be pyroclastic de-
posits might indicate a tectonic mechanism for em-
placement, such as near-surface dike emplacement.
Understanding the nature and stratigraphy of lunar
volcanic activity will ultimately provide constraints on
models of lunar volcanic generation and evolution.
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Figure 2. Volcanic surface deposits in western Planck Quadrangle. Yellow circles indicate deposits newly-identified
or newly-classified. LROC Wide Angle Camera image mosaic constitutes the basemap; the Clementine color ratio
mosaic (shown at 60% transparency) is superposed on the basemap.
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Introduction: Huygens crater is a well preserved
peak ring structure on Mars centered at 13.5°S, 55.5°E
in the Noachian highlands between Terras Tyrrhena
and Sabaea (Figure 1). With a diameter of ~450 km, it
uplifted and exhumed Noachian crustal materials from
depths greater than 30 km, likely including Hellas rim
material (Figure 2).

In neighboring terrains, numerous small outcrops of
aqueously altered minerals, such as phyllosilicates,
have been identified [1-2] as well as frequent expanses
of mafic-bearing plains [3-6]. By mapping the distribu-
tion of these different mineral types in and around
Huygens, we hope to offer unique insight into em-
placement and alteration history of the highlands crust.

gens crater; the study region (white box) spans approx-
imately 7.5-20°S and 49-62°E. The global view is
shown in the upper right corner. Blue box shows re-
gional context for Figure 3.

Data sets and Methods: We utilize data from the
Compact Reconnaissaince Imaging Spectrometer for
Mars (CRISM) as well as multiple other global data
sets. Basemap data include Thermal Emission Imag-
ing System (THEMIS) daytime IR (100 meters/pixel)
and nighttime IR (265 pixel/degree or ~230 me-
ters/pixel), as well as Mars Orbiter Laser Altimeter
(MOLA) topographic data (128 pixel/degree or ~460
meters/pixel) and MOLA shaded relief (128 pix-
el/degree). Each basemap was imported into ArcMap
10.1 where the geodatabase and mapping contacts were
developed and stored.

The CRISM instrument [8] acquires visible and
near infrared (0.36-3.9 um) data that record infor-
mation about primary mafic mineraology, ferric-
bearing minerals, and hydrated minerals like sulfates
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and phyllosilicates. Twelve CRISM multispectral map-
tiles (mosaicked at ~230 meters/pixel and corrected to
Lambert Albedo) were used to understand regional
mineralogic trends and define unit contacts. Summary
parameters [9] showing spectral absorptions associated
with the mafic minerals olivine (OLINDEX), low-
calcium pyroxene (LCP, LCPINDEX), and high-
calcium pyroxene (HCP, HCPINDEX) were examined.
Figure 3A shows an RGB composite of these three
parameters, respectively, for a subset of the map.
Summary parameters that highlight the presence of
hydrated minerals were also utilized. Specifically, the
D2300 parameter aided in the identification of Fe/Mg
phyllosilicate-bearing materials (Figure 3B) while the
BD1900 parameter showed the presence of other hy-
drated minerals. Contacts were drawn where data is
present and believable (spatially coherent, or incon-
sistent with noise) at 1:250K scale and in some cases
inferred by morphology due to the lack of CRISM cov-
erage. For reference, boundaries of large morphologic
provinces, like Huygens rim and peak ring, were also
outlined.

55°E 60

Fig. 2. Topography of the study region from MOLA.
White lines indicate the locations of the crater rim (sol-
id), peak ring (dashed), and one crater radius as the
expected extent of the continuous ejecta (dotted). The
black dashed line shows the rim of the Hellas basin

[10].

Preliminary Mapping Results:

Units and Distribution: Four mineralogy-based
units have been defined for the Huygens study region
so far: olivine-, HCP-, LCP-, and Fe/Mg phyllosilicate-
bearing material.
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Fig. 3. Southwest corner of Huygens study region
showing CRISM multispectral maps and contacts thus
far. (A) Browse products composed of R = olivine, G =
LCP, B = HCP over THEMIS daytime IR. (B) D2300
parameter stretched from 0.005 (pink) to 0.03 (red)
over THEMIS daytime IR. (C) Black contacts show
units within the mafics browse product with morpholo-
gy outlines and red contacts show the D2300 map.

The olivine-bearing unit is associated with topo-
graphically lower, generally flat-lying plains, including
the floor of Huygens and the infilled floors of smaller
surrounding craters. It is also observed on intercrater
plains consistent with high thermal interia, olivine-
bearing “bedrock” units described by Rogers et al. [5].
Mapped occurrances of HCP-bearing material appear

associated with similar plains morphology, also occur-
ring in areas on the floor of Huygens as well as grada-
tional with olivine-bearing plains within smaller, un-
named craters in the southwest part of the study region.

Exposures of LCP occur in distinct outcrops con-
centrated in the southern portion of the map area, inte-
rior to the Hellas rim boundary (Figure 3A). LCP is
associated with a more erosionally-resistant material,
usually forming knobs.

Fe/Mg phyllosilicate-bearing materials are local-
ized and have been exposed by impact cratering, with
signatures observed on crater rims, walls, and in ejecta
blankets. Phyllosilicates are identified both inside (on
the floor of) and outside Huygens.

Comparison to Existing Geologic Map: Olivine-
and HCP-bearing units roughly correspond to two units
of the Greeley and Guest [7] geologic map: superposed
impact crater material (c) and Hesperian plains units
(Hr and Hpl3; Figure 1). The olivine-bearing unit
corrspondes to geologic unit ¢ in the three larger cra-
ters in south. All of the other mineralogic units fall
within areas mapped as Npld (Noachain dissected ter-
rain).

Future Work: Unit contacts continue to be re-
fined, especially in the north and west part of the map
area where increased surface dust complicates the spec-
tral signature. We are working to verify mineralogy
inferred from the summary parameter maps using both
CRISM multispectral mapping data and targeted hy-
perspectral data. The latter will allow determination of
specific phyllosilicate mineralogy, for example. We are
also characterizing the morphology of these units and
combining this information with the mineralogy to de-
velop an overall picture of geologic history of this re-
gion.
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Introduction/Background: We have completed
a first draft of a Mars Data Analysis Program-
funded project to map the morphology of the
Olympus Mons (OM) volcano, Mars, using
ArcGIS by ESRI. The final product of this project
is to be a 1:1,000,000-scale geologic map. The
scientific questions upon which this mapping
project is based include understanding the
volcanic development, including identification of
volcanic unit source areas, and subsequent
modification by structural, aeolian, and possibly
glacial processes.

Methods: To address our science questions we
conducted morphology mapping at ~ 1:300,000
scale using the Context Camera (CTX) and High
Resolution Stereo Camera (HRSC) image mosaic
as our base data. This scale enables a distinction
between sinuous rilles and leveed channels, which
is fundamental for interpreting abundances
among, and changes between, tube- and channel-
forming eruptions. We have combined our map
with Mouginis-Mark’s Planetary Geology &
Geophysics-funded geologic map of the Olympus
Mons Caldera that was produced at 1:200,000
scale and provides additional detail of the summit
region.

Results: We identified 34 units that are divided
among Flank Units, Scarp and Apron Units,
Plains Units, and Crater Materials. The Flank
Units include 13 units, plus 7 caldera units. The
basic morphological difference across the flank
involves mottled and channeled units. The
channel unit is typified by sub-parallel linear
flows with levee structures. The mottled unit is
hilly at the horizontal scale of 10s to 100s of
meters. We did not delineate units that display the
same morphology but appear to be the result of a
different eruptive phase unless a unique source is
inferred. Because a motivating question involves
the identification of flank wunit sources we
subdivided channels and mottled units according
to their apparent origin. These include Fan-
sourced, Ridge-sourced, and Flank units (which
can be traced to the caldera or have a source that
is unclear). Fans and ridges are up to 100 m in

13

height. Fans are delta-shaped whereas ridges are
elongate, generally radial to the caldera. We
identify a fan’s apex as a location point.

We differentiate three scarp and three apron
units. Generally, our Ravine Scarp unit and
Etched Scarp units are comparable to the Slope 1
and Slope 2 units of Basilevsky et al. [1]. The
Ravine Scarp Unit is steep (30-35 degrees) and
displays sharp ravine-like features whereas the
Etched Scarp Unit is shallower (7-15 degrees) and
displays a less sharp, etched morphology. We also
delineate Stepped Scarp which forms a series of
topographic, down-stepped benches. This unit
often separates the other scarp units from the
Main Flank Units. Our Apron units include
Chaotic, Arcuate Ridged, and Muted and
generally follow the characterizations of
Milkovich et al. [2].

The Plains Units are subdivided into Aureole
units (including blocky, ridged and smooth), low
shields, fissures, channel networks, smooth/platy
unit and a knobby unit. Crater Materials include
an impact crater cavity unit (and raised rim) and
the ejecta blanket unit where identified. We also
identify structural features, including scarps,
ridges, and faults. We delineate sinuous chains of
depressions or rilles from the channel unit as a
linear feature. These generally form a trough that
does not display levees.

Geologic History, New Insights: The volcanic
history in the map area involves Olympus main
flank eruptions followed by eruptions from low
shields and fissure vents in the plains surrounding
OM. These flows appear to embay main flank
channels and tabular flows at the distal margin of
the volcano, beyond the scarp materials, to the
North, East, and South. Werner [3] conducted
crater counts of select regions of the main flank
and suggested that the volcano was largely in
place by 3.8 Ga, and Basilevsky et al. [4]
conclude that plains volcanism to the SE was
occurring at 25-40 Ma. The main flank is
dominated by mottled and channeled units of
varied origin. We observe a transition from
mottled- to channel-dominated surfaces with



distance from the caldera. The mottled units are in
some cases distributed randomly about the main
flank, but tend to be located proximal to eruptions
sites (fan apex, ridge crest, or the caldera),
whereas channels are located distally from
eruptions sites. We interpret the mottled units to
represent near vent lava flows in which
significant channels and tubes have not developed
(e.g., near vent sheet flows [5]). The dominance
of this unit at the summit matches favorably with
the subdued Aos1 unit of Morris and Tanaka [6].
In some cases we see that the mottled terrain
results from channels that are below the detection
limit for our mapping. In addition, these features
might also be covered by dust or ash. With
respect to azimuth around the main flank we
observe that fans and rilles are less common on
the NE and SW flanks of the volcano.

In contrast to our preliminary mapping [7], we
do not map lava tubes as a unique unit. We
identified four morphologies that we think are
indicative of the presence of lava tubes, including
1) raised ridges, 2) sinuous chains of rimless pits
or rilles, 3) lava fans, and 4) raised rim
depressions of non-impact origin [8]. The features
cited here are typically seen in terrestrial shield
volcano flow fields in relationship with tubes. In
general, the identification of one of these features
alone is not indicative of a lava tube, but if two or
more are identified together (adjacent or
superposed) we feel confident that they reveal the
presence of a tube. Based on this inference and
superposition relations between inferred tubes and
channels, we no longer identify a consistent burial
of tubes by channels. Instead, we recognize that
the apparent burial of some tubes is the result of
ridge-sourced channels, which are essentially a
product of the same eruption.

McGovern and Morgan [9] note asymmetries
between the NW and SE flanks. They observe
that the NW flank has the longest distance
between caldera and scarp, displays lower flank
extensional faults, where as the SE flank is
shorter (caldera to scarp) and displays upper
compressional terraces (also seen by [10]) and
lower upthrust blocks. Both of these portions of
the flank display concave up surfaces whereas the
NE and SW flanks display more uniform slopes.
They suggest that Olympus Mons has experienced
volcano-wide spreading to the NW and SE as a
result of a weaker, pre-Tharsis substrate. Mapping
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shows that the NE and SW scarps are completely
embayed by young lavas, whereas the SE and
NW flanks display exposed scarp material.

If the conclusions of McGovern and Morgan
[9] are correct and the volcano is spreading to the
NW and SE, then subsequent intrusion of magma
into the volcano would likely exploit those
spreading centers along the NE and SW flanks to
reach the surface, as is seen on the Hawaiian
volcanoes where rift zones open roughly parallel
to the coast as the volcanoes spread into the
ocean. Although we see a paucity of fans and
possible eruption sites along these sections of the
volcano it is possible that we have simply
identified the readily noticed features related to
lava tube breakouts and misinterpreted effusive
spreading centers. If spreading centers exist along
these sections of the volcano then magma might
have been more easily delivered to these sections
of the volcano, possibly explaining why the
scarps are heavily buried in these sectors.

Future Work: Our current efforts are focused
on additional higher resolution mapping and data
analysis related to the map product. These efforts
include 1) the identification of lava tubes and
their products on the flanks of OM, 2) the
interactions between volcanic rocks and frozen
volatiles on OM, and 3) the volcanic-tectonic
development and constraints of the eruptive
frequency of the volcano.
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Abstract/Introduction: Geologic context is criti-
cal for interpreting observations from the many instru-
ments onboard the Mars Science Laboratory (MSL)
rover in Gale crater. Using orbital data initially com-
piled for engineering tests [1] and building on the ear-
lier work done by [2], the MSL project “crowd
sourced” a geologic mapping effort of the nominal
landing ellipse in preparation for tactical and strategic
mission operations. Six major geologic/geomorphic
units in the landing ellipse were mapped after consoli-
dating many similar units [4,5]: alluvial fan [3,4],
smooth hummocky plains, bright-toned “rugged” units,
flat-lying cratered plains/surfaces, “striated” light-
toned outcrops, and light-toned fractured surfaces. Ini-
tial stratigraphic models of these units have been pro-
posed based on our traverse from Bradbury Landing to
Glenelg [6]. The spatial coincidence of three of these
units at Glenelg serendipitously allows the MSL Team
to explore most of the major geologic units within the
landing ellipse and expand our geologic knowledge to
similar outcrops surrounding the north half of the
mound. The mapping effort is ongoing and will contin-
ue as Curiosity investigates rocks in Yellowknife Bay
[4] and on the way to Aeolis Mons (informally known
as Mt. Sharp) [5].

Methodology: As part of the entry, descent, and
landing (EDL) modeling efforts for the final four Mars
Science Laboratory (MSL) rover landing sites [1],
comprehensive visual and topographic datasets were
assembled for the landing ellipse in Gale crater. Initial
mapping efforts by Anderson and Bell [2] were con-
ducted primarily with 6m/pixel Mars Reconnaisance
Orbiter (MRQO) Context (CTX) camera imagery. For
this mapping effort, twelve MRO High Resolution Sci-
ence Experiment (HiRISE) 0.25 cm/pixel stereo pairs,
three 6m/pixel stereo pairs from the MRO Context
(CTX) camera, all processed in Socet Set by the
U.S.G.S. Astrogeology Center [ref. in 1] and a crater-
wide 50 m/pixel digital elevation model (DEM) made
from the Mars Express High Resolution Stereo Camera
(HRSC) images were georeferenced together and mo-
saicked to form the base of a geographic information
system (GIS). These datasets formed a “resolution pyr-
amid” to allow mapping at scales down to a few meters
using orbital data alone. Datasets were projected into
an Equidistant Cylindrical projection with a center lon-
gitude and center latitude of zero, on a spherical Mars
of radius 3396190 m. Whereas simple cylindrical pro-
jections are typically not ideal for mapping efforts due
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to distortions at mid and higher latitudes, Gale crater’s
location so close to the martian equator and small area
creates almost no disortion in shape or area and allow
directions to remain true. A 17 km x 12 km grid was
developed from areocentric latitude -4.5°N to -4.75°N
and positive east longitude 137.225° to 137.575° com-
posed of 140 1.2 x 1.2 km (0.025°) quadrants over the
extent covering the final MSL landing ellipse. Each
quadrant was used to extract 0.25 cm/pixel HIiRISE
visible, 1m/pixel elevation, and 100m/pixel thermal
inertia data [7] and these data were provided to the 39
members of the Gale Quad Mapping Team. Each team
member digitized boundaries separating areas with
distinct tone, texture, and morphology over the as-
signed quadrant(s) which were later compiled into one
comprehensive map (Fig. 1). The mapping efforts have
been concentrated in areas where Curiosity was likely
to traverse; north of a dark basaltic dune field which
serves as a natural barrier between the lower reaches of
Mt. Sharp and the landing ellipse. However, due to the
position of the EDL ellipse at the toe of an alluvial fan
[3,4], mapping was extended northward for additional
geologic context.

Geology: The geologic map presented here (Figure
1) contains 6 major units: a texturally smooth unit that
makes up the Peace Vallis alluvial fan unit [3,4] with
many inverted channels that are several meters vertical
(“low thermal inertia fan” in [2]), a light-toned unit
with sub-meter width fractures of variable length and
spacing that is further subdivided by [4] (“high thermal
inertia fan” in [2]), flat-lying more heavily cratered
surfaces (“mound skirting” in [2]), tonally-smooth
though topographically hummocky plains (“hummocky
plains” in [2]), bright-toned topographically variable
‘rugged’ terrain unit composed of material that is not
fractured, and a ‘striated’ (layered?) light-toned unit.
Units for eolian fill/bedforms and obvious continuous
ejecta blankets that occasionally covered the major
units were also designated, though they are minor
components. Smooth hummocky terrain was distin-
guished as unique and separate from [2] “hummocky
plains” that exists between the northern crater rim and
the fan which can contains bright smooth fill in low-
lying depressions, although the distinction between
these units may be minor. The rugged terrain appears
outcrop up through the smooth hummocky unit as ridge
or mesas outcrops. Some of the rugged terrain may
have been visited by Curiousity on its way to Yellow-
knife bay at bedrock exposures of what appears to be



fluvially  deposited gravels, such as Link
(http://mars.jpl.nasa.gov/msl/images/Williams-
2pial6188-br2.jpg) [9]. The majority of the smooth
hummaocky terrain appears as a gravelly lag mixed with
other centimeter-sized angular breccia fragements of
unknown origin, though some visually look basaltic.
Initial mapping of the complex array of geologic units
as Curiosity descends into Yellowknife Bay has oc-
curred, but future work will be conducted to confirm
those relationships [4]. Intial stratigraphic relationships
have been proposed based on this mapping [5,6] and
the units are in approximate stratigraphic order on the
map legend, though many relationships need ground
confirmation. For example, there are several spatially
and topographically distinct occurrences of cratered
surfaces and it is unclear whether they are stratigraph-
ically interbeded with the other units or part of one
larger contiguous unit that has since been eroded [5,6].
We do know that fan-like sources appear to feed into
cratered surfaces in the northern parts of Gale (e.g.
[2]), so our mapping efforts and ground investigations
will help decifer the larger geologic evolution of post-
impact Gale crater.

Future work: With our initial mapping complete,
the MSL mapping group continues to refine mapped
units along a potential rover traverse into Yellowknife
bay [4] and towards the lower reaches of Mt. Sharp [5].

Our mapping will be enhanced with in-situ science
observations as we progress towards the ultimate goal
of sampling clay and sulfate units in the main science
area at the base of Mt. Sharp.
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Figure 1 (below): Geology map of the MSL landing
ellipse. Extent (A) overview of alluvial fan units [3,4],
(B) for traverse and Yellowknife Bay units [4,6], and
(C) for units along the traverse to Mt. Sharp [5]. The
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Introduction: In the southern part of the Tharsis
region of Mars a series of volcanic flows and plains is
observed to embay and fill low-lying regions of the
highlands. This investigation combines traditional
geologic mapping of the 1:500K-scale MTM -35137
quadrangle [32.5°-37.5°S, 135°-140°W] with detailed
flow field mapping at 1:50K-scale. This approach
allows high-resolution datasets for Mars to be fully
incorporated into mapping studies and documents both
geologic history and the nature of volcanic processes.

Datasets: ConTeXt Camera (CTX; ~5 m/pxl)
images imported into ArcGIS form the primary image
base. Other datasets used for mapping are the Thermal
Emission Imaging System (THEMIS) global mosaic
and infrared multi-band images (~100 m/pxl), High
Resolution Imaging Science Experiment (HiRISE;
0.25 m/pxl) images, and Mars Orbiter Laser Altimeter
(MOLA; 128 pxl/deg) DEMs and PEDR profiles.

Mapping Overview: Geologic mapping of MTM
-35137 quadrangle has been completed [1-4] (Figure
1). This includes definition of the major geologic units,
identification of geologic structures, and evaluation of
geologic history from stratigraphic relationships and
crater size-frequency distributions. Flow field mapping
is ongoing and includes delineation of flow surface
textures and features, as well as identification and
characterization of flow margins both within and at the
edges of the flow field. MOLA PEDR profiles indicate
sheet flows have thickness of 18-96 m near the flow
front, with an average of ~51 m.

Stratigraphic relationships and crater counting
results provide constraints on the geologic history of
the map area, which includes: a) eroded Noachian
cratered terrain (highlands) that stabilized in the Early
Hesperian Epoch, b) an early episode of volcanism
(volcanic plains) that embayed the highlands in the
Early Hesperian (~3-3.5 Gy), and c) recent volcanism
emplacing vast sheet flows during the Middle
Amazonian Epoch (0.5-1 Gy) [2-3].

Geologic Mapping: Highlands occur as locally
highstanding and rugged remnants of the heavily
cratered terrain that characterizes the region south of
Tharsis. The highlands appear to be extensively
degraded, with surfaces exhibiting numerous fluvial
channels and erosional troughs. Distinct embayment
relationships are evident between the highlands and
adjacent plains and flows.

Mapped plains units include: 1) a smooth unit with
a mottled appearance in THEMIS IR images that
covers a low-lying region at the SW corner of the map;
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the origin of this unit is unclear and its surface textures
suggest the presence of mantling deposits typical of
mid-latitudes zones on Mars; and 2) a smooth-surfaced
unit that also exhibits numerous small impact craters as
well as wrinkle ridges and graben; this unit is covered
by younger flows but clearly embays the highlands and
is interpreted to be volcanic in origin.

The majority of the quadrangle consists of young
lava flows forming a large sheet complex that
inundates the region [1-4]. Other mapped units include
crater materials associated with the impact structures
scattered across the region, crater floor materials, and a
landslide deposit draped over the rim of a large crater.

Flow Field Mapping: CTX images are being used
to generate detailed maps of the lava flow fields in
order to interpret volcanic processes associated with
their emplacement. Sheet flows typically have
prominent ridged surfaces but also display knobby,
platy, and smooth textures. Impact craters on the pre-
flow surface influence the emplacement of flows as
indicated by changes in surface ridge patterns.
Formation of sheet flows partly by coalescence of
large lobes is suggested in local zones where flow
appears to have converged.

Zones of smooth texture containing prominent
surface features are observed to disrupt local textural
patterns on the sheet flows. Surface features include
linear and curvilinear ridges and troughs. Some
curvilinear troughs are sinuous and “channel-like” and
may appear to branch or merge together. Other troughs
are less sinuous and presumably related to
modification of the flow crust due to differential flow;
these ridges can be associated with “islands” of
knobby texture. Morphologically simple linear ridges
and troughs are also found within ridged, platy, and
knobby textures. In some cases flow surface features
change character along their lengths.

Sheet flow margins display various morphologies.
Sheet flows that embay the highlands develop complex
frontal shapes due to topographic irregularities in the
pre-existing surface. Sheet flows emplaced over plains
exhibit lobate margins suggesting lobe coalescence or
differential flow at the front. A series of steep-sided,
smooth plateaus is observed along sheet flow margins.
Some appear to have small breakout flows at their
edges. These smooth plateaus are attributed to inflation
of the flow as the front stagnates. This hypothesis is
consistent with their smooth surfaces, as low-velocity
emplacement may limit formation of surface ridges.



Figure 1. Geologic map of MTM
-35137 quadrangle. Note that
mapping of lava flow surface
features is not yet complete for
entire map area.
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1. Introduction

Using Viking and post-Viking data, the detailed
geological investigation of the Argyre impact basin
and surroundings (30°S to 65°S, 290°E to 340.0°E;
Fig.1) has: (1) resulted in a new geologic map of the
region (Fig.2); (2) revealed the stratigraphical history
of the region, including distinct sequence stratigraphy
marking a lake that formed shortly after the Argyre
impact event and the subsequent growth of Tharsis;
(3) identified local lake-containing basins (Fig.3); (4)
mapped the extent of Argyre-related tectonism and its
influence on the surrounding regions, which includes
a geophysical perspective; (5) been compared to a
CRISM-based perspective which supports impact
harvesting of mantle materials and aqueous activity
in drainage systems including catchment basins; and
(6) detailed ancient and geologically-recent surface
modification (Fig.4).
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Fig. 1. MOLA color shaded relief map centered on the

Argyre region (transparent outline). The image on the
bottom right shows a 256 pixels/degree THEMIS IR day
mosaic.The regional 1:5,000,000-scale mapping
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investigation includes the Argyre floor and rim, transition
zone, and the southeast margin of the Thaumasia plateau
[1]. Also shown is a newly identified paleolake basin (wide
arrow) located on the western margin of the Argyre impact
basin and the Uzboi drainage system (narrow arrows),
possible spillway separating the paleolake basin from the
Argyre basin at a present-day topographic interval nearing
1.5 km (dashed line), and a transect for topographic profile
shown in Fig. 3 (red line).

Fig. 2. Geologic map of the Argyre basin and surrounding
region of Mars [2].

Argyre East Transest

¥

= |
|

Eg, B5E

Agurn m Speste. Acgyre Sawn deposts

2000

wefs  doar  Mese  womo e wexe  Mopn  keme  wom
Coveten o Crstance n)

Teenoe  1smn 1)

Fig. 3. Topographic profile transecting from west to east
(see Fig. 1 for transect location) through paleolake basin
and the Argyre rim materials and basin deposits. A
topographic bench (arrow) occurs near an elevation of ~1.5
km nearing the elevation of the possible spillway divide.

2. Geology and hydrology

Argyre-impact and subsequent endogenic (Tharsis)
and exogenic (impacts such as Lowell and changes in
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obliquity and eccentricity) activity would contribute
to the long-term water enrichment and related surface
modification in and surrounding the Argyre basin
until present-day. Examples of geologically-recent
and/or present-day activity includes the formation of
polygonal-patterned ground, gullies and possible
open-system pingos [3], flow-like features of the
valley-fill materials, which includes glacier-like
features [4], and activity along graben-like features.
Local precipitation events related to atmospheric
cycling of water vapor such as from the south pole
into the deep basin cannot be ruled out as a
contributor to the water enrichment.

Woed e ey s v 0 9
Fig.4.Based from [4], HiRISE stereo
(ESP_0028500_1425_ESP_028922 1425) image showing
evidence for multiple resurfacing events by different
processes (including possible glacial, alluvial, periglacial,
fluvial) within the Moanda crater-valley system. The
impact crater is buried by flow materials; the margin of the
flow has slumped into the impact crater basin.

The Argyre impact event created a giant catchment
for water and rock materials since approximately
3.93 Ga based on detailed stratigraphy and crater
statistics. A giant lake was formed directly
subsequent to the event, feeding the far-reaching
Uzboi Vallis system [5,6], with a volume near that of
the Mediteranean sea (Fig. 5); other lakes filled the
impact-derived local basins as well (Fig. 3) [6]. The
lakes would soon freeze and the once lacustrine
environment would transition into glacial and
periglacial environments [e.g., 7,8]. Through time,
liquid water/water-ice would wane, though not totally
being depleted, as there would be subsequent
Tharsis-driven, transient hydrological cycling
(including enhanced geological and climatic
activities).

The giant impact produced a complex system of
tectonic structures, many of which are observed to be
thousands of kilometers in length and propogate all
the way to the Brittle-Ductile transition. Such
basement structures would serve as conduits for the
migration of volatiles and heat energy into the basin
region from as far away as Tharsis (tectonic

structures that would transect the Argyre-Thaumasia ,

highlands transition zone projecting into the
Thaumasia plateau [1,9]).

Fig. 5. Based from [6], schematic paleolake map of the
Argyre basin using a maximum topographic elevation of 0
km based on MOLA topography (regions in blue). An
estimated extent of the hypothesized Argyre lake based on
geomorphologic and topographic analyses, as well as
detailed geologic mapping is also shown (red line). In
addition to the estimated extent, sapping channel systems
(SP), local basins (B) which occur among the crater rim
materials, and the Uzboi Vallis system (UV) correspond to
the blue-highlighted region. Also shown is a small extent
(near base level) of the paleolake basin located west of the
primary Argyre basin. The volumes of the hypothesized
AWMP and Argyre lakes are estimated to be 1.6 x 10* and
1.9x10° km?, respectively, using MOLA. If the water level
reached 1 km, then an estimated volume of is 3,051,121.6
km?3, nearing that of the Mediterranean Sea.

3. Astrobiological implications

The long-term water enrichment, heat generation
from the Argyre impact, basement structures which
piped water into the basin from far-reaching geologic
provinces, potential nutrient-enriched primordial
crustal materials [10], extant ice, potential near-
surface groundwater in places, and potential venting
of magma and volatiles collectively point to the
Argyre basin region as a prime candidate for future
exploration of possible life.
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Introduction: Arsia and Pavonis Montes are two
of the three large shield volcanoes that comprise the
Tharsis Montes on Mars. Detailed mapping of a lim-
ited area of these volcanoes using HRSC images (13-
25 m/pixel) revealed a diverse distribution of volcanic
landforms within the calderas, and along the flanks, rift
aprons, and surrounding plains [1]. We are funded by
NASA’s Mars Data Analysis Program to complete
digital geologic maps of both Arsia and Pavonis Mon-
tes based on the mapping style defined by [1,2]. Here,
we report on progress from year 3 of the project [3].

Data and Methods: We are mapping the two vol-
canoes in ArcMap 10 at 1:1,000,000 scale to produce
two geologic maps for the USGS. A CTX mosaic
serves as the basemap, supplemented by HRSC,
THEMIS daytime IR, HiRISE, and MOLA data. Our
primary objective is to show the areal extent, distribu-
tion, and stratigraphic relations of the different lava
flow morphologies across each volcano to better un-
derstand their evolution and geologic history.

Figure 1. Current progress of the geologic mapping of
Pavonis Mons (top) and Arsia Mons (bottom). Base-
map is MOLA colorized topography. Location of line-
ar cones, shown in Fig. 2, marked by red box.
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Geologic Observations: Mapping objectives this
year were to establish the contact between the two vol-
canoes and outline the boundaries of the morphologic
provinces: calderas, shield, rift aprons, surficial depos-
its, and long lava flows (Fig. 1).

Caldera. Arsia Mons has a series of small shields
on the floor of the caldera with channels that flow from
the rim into the caldera and flows that breach the
northeast rim. The caldera floor on Pavonis is com-
prised of a series of sheet-like or ponded flows.

Main Shield. The eastern flank of Arsia Mons is
comprised of channeled flows, ridged units with col-
lapsed tubes along the crest, and lava fans, while the
western flank is dominated by rille-like channels and
surfaces affected by processes related to the surficial
deposit. Pavonis Mons is relatively featureless sur-
rounding the caldera, but several channels and lava
fans are observed along the flanks, including eruptions
that occurred after formation of the circumferential
graben that also overlie/embay flows that emanate
from the rift aprons.

Rift Aprons. Rille-like channels separated by fea-
tureless plains occur near the chasmata on NE and SW
flanks of each volcano. Flow margins begin to develop
further down slope on the rift aprons. Long lava flows
extend for 100s of kilometers and embay or partially
bury the main flank of each volcano. We are attempt-
ing to define the boundaries of the flow fields for each
rift apron to determine their spatial extent. The SW rift
apron on Pavonis Mons is comprised of a small shield
field and extensive series of flows that wrap counter-
clockwise around the base of the main flank toward
Ascracus Mons. An extensive series of flows have
been mapped on the western side of Arsia Mons that
have been partially buried by the surficial deposits but
it is unclear if they are related to initial eruptions from
the main flank or the rift aprons (Fig. 2).

Surficial Deposits. The deposits in Arsia Mons ex-
tend ~500 km away from the base of the main shield
and extend ~200 km at Pavonis Mons. These deposits
have been mapped and described by [e.g. 4-6]. Three
facies within these areas are ridged, knobby, and
smooth units [4-6]. The ridged units are found along
the distal boundary of the deposits, with the knobby
units occurring within the central area, and smoother
facies near the base of the main flank. These are inter-
preted to be deposited during the retreat of cold-based
glaciers [4,5].



Figure 2. Linear cones and associated lava flows that
appear to embay the ridged unit of the surficial deposit
on Arsia Mons. Basemap is CTX mosaic.

Discussion: Mapping reveals a similar sequence of
events for the evolution of both volcanoes: 1) main
shield forms, 2) eruptions from the NE/SW rifts em-
place long lava flows that surround the main flank, 3)
eruptions wane and build up the rift aprons and shield
fields, 4) glaciers deposit surficial material, and 5) lo-
calized recent eruptions along main flanks, in the cal-
deras, and within the fan-shaped glacial deposits.

An example of recent volcanism occurs within the
surficial deposits of Arsia Mons (Fig. 2). Flows ema-
nate from a narrow, linear chain of cones in the north-
ern extent of the deposit (Fig. 1). The flows appear to
embay the ridged unit (Figs. 2,3) indicating they were
emplaced after the interpreted periods of glaciation in
the region. The surficial deposits at Arsia Mons have a
cratering model age of <100 Ma [4]. This suggests the
volcanism associated with the linear cones occurred
within the last several 10s of Ma. We do not have a
cratering model age on the linear cones at this time.
However, the recognition of post-glacial volcanism
would agree with previous work that suggested volcan-
ism occurred in the last 100-200 Ma within the calde-
ras of Arsia and Pavonis [7].

Mapping of the different volcanic morphologic fea-
tures has revealed a complex and diverse evolution of
these volcanoes. We will continue to map the details
of these volcanoes and finalize the digital geologic
maps in the 4™ and final year of the project.
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Figure 3. Linear cones and associated lava flows with-
in the fan-shaped deposit on Arsia Mons. HiRISE Im-
age PSP_007603_1770_RED [NASA/JPL/UofA].
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Introduction: Previous geologic mapping and
analysis of impact crater populations have identified
substantial Noachian resurfacing and loss of craters in
the Martian highlands. Based on Mariner 4 data, Opik
[1] noted that older Martian craters were more degrad-
ed than those on the moon and Mercury, and many
small craters had been concurrently lost, a result that
later studies confirmed [e.g., 2-5]. Global mapping of
Mars at 1:5,000,000 and 1:25,000,000 scales based on
Mariner 9 imagery included a distinction between
rough (“hilly and cratered material”’) and smooth (“cra-
tered plateau material”) intercrater plains in the high-
lands, although the contacts were approximately
mapped [6]. The Viking-based 1:15,000,000 global
geologic map further subdivided the highlands into
similar hilly, cratered, and subdued cratered units, as
well as dissected, etched, and ridged units that were
defined by secondary morphological features [7]. Both
global maps also included mountain, basin rim, crater,
and smooth plains units in the highlands.

The new 1:20,000,000 global geologic map of
Mars divides highland units by age and thus has impli-
cations for the resurfacing history [8]. The map distin-
guishes rugged, high-relief outcrops of the Early Noa-
chian highland unit (eNh) from the uneven to rolling,
commonly layered Middle Noachian highland unit
(mNh) and the plains-forming Late Noachian highland
unit (INh). These descriptions acknowledge the varia-
ble amounts of relief and resurfacing within the high-
lands, as prior maps had noted, but with better contact
placement enabled by new mission datasets.

The purpose of this study is to evaluate highland
resurfacing events and processes using the new global
geologic map of Mars [8], a crater database that is sta-
tistically complete to 1 km diameter [9], and Mars Or-
biter Laser Altimeter (MOLA) topography [10].

Methods: The contacts between the eNh and mNh
units were commonly mapped at a break in slope sepa-
rating high-relief, rugged surfaces (eNh) from sloping,
less densely cratered plains (mNh) (Fig. 1). These
contacts were mapped as certain along escarpments
and approximate where the eNh outcrops had a less
sharply defined margin. The INh unit included buried
to partially buried cratered surfaces that were typically
confined to highland basins and delimited mostly by
certain contacts [8, 11].
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We examined the crater densities for these units in
diameter (D) bins of D-D*2°° km to determine if they
had statistically distinct relative ages (i.e., the bin error
bars, + the square root of the crater count normalized
to 1 million km? did not overlap). Craters that over-
lapped or contained unit contacts were assigned to one
unit or another by inspection, and craters in the super-
imposed Amazonian and Hesperian impact unit (AHi)
were reassigned to their subjacent unit. We used crater
depth/diameter ratios from [9] and a single-factor anal-
ysis of variance to test whether crater degradation var-
ied with unit relative age. The elevation distributions
of the Noachian units in 500 m bins provided infor-
mation on whether resurfacing was gravity-driven or
independent of topography. Finally, we determined
the relative ages of the Hellas, Isidis, and Argyre ba-
sins by counting craters superimposed on their respec-
tive highland massif units, in order to evaluate a possi-
ble link between resurfacing and basin ejecta [11].

Results: The eNh, mNh, and INh units had statisti-
cally distinct crater retention ages in diameter bins >16
km, whereas their crater densities converged between 4
and 16 km (Fig. 2). At D<4 km, all three units had a
mid-Hesperian age in Hartmann’s scheme [5], con-
sistent with the loss of all Noachian craters <4 km in
diameter to ubiquitous resurfacing by that time.

Crater depth/diameter ratios were not significantly
different between the eNh and mNh units. Craters in
the INh unit were mostly buried, so this analysis was
not done for that unit.

We found distinct and complex elevation differ-
ences between the units, associated with their regional
and local spatial distributions. The eNh unit was con-
centrated in the high-standing Hellas basin annulus
(within one inner ring diameter, 2400 km, of the inner
basin ring) and in outcrops in the region of high crustal
magnetization around 180° E, where the effects of Ear-
ly to Middle Noachian basin-scale impacts were mini-
mal. The mNh unit was extensive in Arabia Terra and
in highland corridors between eNh outcrops. The INh
unit mostly occupied highland basin floors.

The sequence of the largest impact basins was Hel-
las, then Isidis, and finally Argyre, consistent with
prior work [12-14]. Hellas ejecta may have resurfaced
the eNh unit, but other basins could not account for the
age and full extent of Middle Noachian resurfacing.



Fig. 1. (a) Example of map units eNh (purple shade),
mNh (dark brown), INh (orange-brown), and AHi (yel-
low) at 20-30°S, 145-158°E in Terra Cimmeria. (b)
Same area on MOLA contour map, 100 m interval.

Discussion: The distinct relative ages of the units
show that Noachian resurfacing was not spatially uni-
form. The lack of a relationship between crater infil-
ling and crater density in the eNh and mNh units sug-
gests that age was not the only important factor in
crater degradation. The regional concentrations and
elevation differences among the units show that Mid-
dle Noachian resurfacing was more significant in cer-
tain regions (Arabia Terra, Argyre vicinity, dichotomy
boundary) and in lower-lying areas of the highland
plateau than it was in higher-standing areas. Although
Early Noachian Hellas ejecta resurfaced much of Mars,
the Early to Middle Noachian Isidis and Middle Noa-
chian Argyre impacts had more limited effects.
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Fig. 2. Crater populations for highland units, shown on
Hartmann isochron plot [5]. The Noachian/Hesperan
(N/H) and Hesperian/Amazonian (H/A) boundaries are
labeled. Figure adapted from [11].

These relationships along with the concentration of
INh outcrops in basins are consistent with preferential
erosion of highs and deposition in lows, i.e., a gravity-
driven resurfacing process. Uniform airfall mantling
on a scale needed to fully resurface a cratered region
could have occurred in Arabia Terra [15], but it does
not appear to have been important on most of the high-
land plateau. Evidence for Noachian or Hesperian
glaciation is lacking in the equatorial region. The most
suitable candidate resurfacing processes for the mNh
and INh units are fluvial erosion and volcanism, likely
with contributions from aeolian sand transport.
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Background: Aeolis Dorsa (AD) are between the
two westernmost lobes of the Medusae Fossae For-
mation (MFF). AD comprise humerous inverted fluvial
features, which are interpreted to have formed by oro-
graphic precipitation, channelized run-off, induration,
burial by MFF material, and exhumation by aeolian
erosion [1-5 and refs. therein]. Most inverted fluvial
features in AD are observed within the lowest member
of the MFF [6], implying that precipitation and fluvial
activity occured during the formation’s early em-
placement [1-5]. This abstract describes 4 stratigra-
phies in Aeolis Dorsa derived from local-scale map-
ping [5]. Local-scale mapping was coupled with a re-
gional-scale map of the MFF [6], which provided nu-
merical age constraints for MFF units and the inverted
fluvial features. The stratigraphies are used to test 3
hypotheses about the history of fluvial activity in AD.

Hypotheses: (1) Fluvial activity was confined to a
single time-interval, and by implication was the prod-
uct of a unique event/process (e.g., impact). Inverted
fluvial features contained within one MFF stratum
would support hypothesis 1. (2) Fluvial activity was
confined to separable time-intervals, and by implica-
tion occurred due to repeated events/processes (e.g.,
volcanism, obliquity). Inverted fluvial features in mul-
tiple non-adjacent MFF strata would support hypothe-
sis 2. (3) Fluvial activity was successive through mul-
tiple time-intervals, and by implication occurred due to
prolong conditions. Inverted fluvial features found in
multiple adjacent strata would support hypothesis 3.

Methods: The testing of hypotheses involved ob-
servations of visual images from the Context Camera
(CTX, 6 m/px) and High Resolution Imaging Science
Experiment (HIRISE, 0.3 m/px), and topographic data
from the Mars Orbiter Laser Altimeter (MOLA, 80 m
spot radii) and CTX digital elevation models.

Units were mapped over visual images in ArcMap
software. Fluvial units included interpreted inverted
paleochannels, scrolled floodplains, and alluvial or
deltaic fans [1]. Aeolian units included elongate hills
of MFF material, interpreted as yardangs [7].

Topographic data, 3-point solutions for strike/dip,
and principles of superposition and cross-cutting were
used to determine relative stratigraphic relationships
between units. These relationships were then used to
sequence units into stratigraphic columns. Stratal units
containing inverted fluvial features were interpreted as
periods of MFF deposition, fluvial activity, induration,
and inversion by aeolian erosion [1-3]. Yardangs were
interpreted as periods of MFF deposition and aeolian
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erosion, with a wind direction interpreted from the
yardang orientation [2, 8].

Four mapping areas were chosen to sample the ge-
ospatial and morphological distribution of inverted
fluvial features in AD. Area identifiers are from [1,
their Table 1]; locations shown in figure below. Area
35 contains large branching networks and stacked as-
sembleges of inverted fluvial features in eastern AD.
Area 43 is a fan-shaped plateau of inverted fluvial
channels near the highland/lowland boundary (HLB).
Area 45 contains several fan-shaped inverted fluvial
landforms, ~250 km north of the HLB. Aeolis Serpens
(AS) is a ~600-km-long fluvial feature in central AD
that contacts several mapped geologic units [6].

Stratigraphic Observations:

Area 35: 5 units (a-e) are observed. Smooth-to-
rippled surfaces comprise the lowest unit (a). Inverted
channels and scrolled floodplains (unit b) stand ~110
m above the lower unit. Highly sinuous inverted chan-
nels (unit c) and a large fan-shaped network of inverted
channels (unit d) superpose some inverted fluvial fea-
tures of unit b. NE-SW yardangs (unit e) contact and
superpose all other units (a-d).

Area 43: 3 units (a-c) are recognized. The lowest
unit has NE-SW elongate textures (a) and is observable
in topographic depressions, ~80 m below the plateau
surface. The plateau contains N-S oriented yardangs
(unit b) and inverted channels (unit c). Some yardangs
on-lap and cut inverted channels of unit c, but many
inverted channels are ~20 m above the plateau surface.

Area 45: 5 units (a-e) are observed. Smooth-to-
rippled surfaces are the lowest unit (a) and 3-point
solutions give a near horizontal slope for unit a. Above
the smooth-to-rippled unit are irregular yardangs (unit
b), followed by inverted fluvial channels (unit c), NW-
SE oriented yardangs (unit d), and a linear cluster of
exhumed fans (unit e).

Aeolis Serpens (AS): We observe 2 units recog-
nized by [6]. Yardangs and AS are positive relief fea-
tures within an Amazonian-Hesperian, lower MFF unit
(HAmI1). However, there are few yardangs and AS
has no relief, but retains fluvial morphologies, in a
mapped unit of early Amazonian, lower MFF (Aml2).

Stratigraphic Interpretations:

Area 35: At least 4 stratal units are interpreted. The
topographically low smooth-to-rippled unit (a) is inter-
preted as eolian sedimentary fill and/or aeolian erosion
with exposure of an underlying MFF stratrum. One
depositional episode of MFF material (>110 m thick)
is required for the formation of inverted fluvial chan-
nels and scrolled plains (unit b). A second stratum of
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Area 45

Stratum 3: MFF
with NW-SE
yardangs & fans

Stratum 2: MFF with
inverted channels &
irregular yardangs.

3 St

Stratum 1: Base
stratum or fill

Area 43

Stratum 3: MFF
eroded into N-S
yardangs
Stratum 2: MFF
deposit with
inverted channels

H-ATrans.

Hesp. — Am. Trans.

Stratum 1:
MFF eroded into
NE-SW texture

Aeolis Serpens

Stratum 2:
MFF & AS

Stratum 1:
MFF deposit

H-A Trans.\ Early Am.

Area 35

Stratum 4: MFF
eroded into NE-
SW yardangs
Stratum 3: MFF,
channels, & fans
Stratum 2: MFF &
inverted channels
w/scrolls

Stratum 1: MFF
stratum or fill

Hesp. — Am. Trans.

Stratigraphy in Aeolis Dorsa: Center image shows the MOLA topography and shaded relief of Aeolis Dorsa.
Inverted fluvial features are delineated in blue [4]. Colored boxes correspond to local-scale mapping areas and
the 4 derived stratigraphic columns (left and right). Relative ages are from crater-size freq. distributions by [6].

MFF material is required to explain the highly sinuous
inverted channels (unit ¢) and the large fan-shaped
network (unit d). Geospatial separation precludes iden-
tification of stratigraphic relationships between units ¢
& d. NE-SW yardangs (unit e) comprise the uppermost
deposit of MFF, which filled in topography, and was
subsequently eroded by a NE-SW paleo-wind.

Area 43: 3 stratal units are interpreted. Topograph-
ic lows (unit a) are interpreted as areas of preferential
erosion, revealing a subjacent MFF stratum that was
abraded by a NE-SW paleo-wind. Following this ero-
sion, a second stratum of MFF (=100 m thick) was
deposited. Inverted channels (unit c) indicate fluvial
run-off and subsequent inversion processes occurred
within this second stratum. Afterwards, a third stratum
of MFF material was laid down and abraded by N-S
paleo-winds, forming the on-lapping yardangs (unit b).

Area 45: At least 3 stratal units are interpreted. The
smooth-to-rippled unit (a) is interpreted as eolian sed-
imentary fill or aeolian erosion with exposure of an
underlying unit (e.g., volcanic plains). Formation of
irregular yardangs (unit b) and the inverted channels
(unit c) requires the deposition and erosion of at least
one MFF stratum. NW-SE yardangs (unit d) and ex-
humed fans (units €) require the deposition and erosion
of at least a second MFF stratum.

Aeolis Serpens (AS): Two MFF strata are inter-
preted with respect to AS. That AS cuts the early Am-
azonian stratum (Aml2) indicates AS formed within
this younger unit. Yardangs indicate that aeolian ero-
sion likely removed AmI2, leaving AS in positive re-
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lief above the Amazonian-Hesperian stratum (AHmI1).

Discussion: The 4 areas reveal different stratigra-
phies. In Area 35, at least two adjacent strata (units b
and ¢ + d) contain inverted fluvial features, which is
consistent with hypothesis 3. Based on mapping by [6],
fluvial activity in Area 35 occured during the Hesperi-
an-Amazonian transition. In Area 43, the single MFF
stratum with inverted channels (unit ¢) is bound by
strata with no evidence for fluvial processes, which is
consistent with hypothesis 1. The age of Area 43 also
corresponds to the Hesperian-Amazonian transition
[6]. In Area 45, the two adjacent strata with inverted
channels and fans are consistent with hypothesis 3.
Fluvial activity in Area 45 occured during the Amazo-
nian-Hesperian transition and the early Amazonian
period [6]. Fluvial activity associated with AS oc-
curred within one stratum of early Amazonian MFF
material, which is consistent with hypothesis 1.

Conclusion: Local-scale stratigraphies indicate
that fluvial activity in AD was geospatially diverse,
hydrologically diverse (channels, fans, and AS), and
temporally diverse. Fluvial activity in AD began no
later than the Hesperian-Amazonian transition, with
some activity also occurring in the early Amazonian.

References: [1] Burr et al. (2009) Icarus 200, 52-
76. [2] Zimbelman and Griffin (2010) Icarus 205, 198-
210. [3] Burr et al. (2010) JGR 115, E07011. [4]
Jacobsen and Burr (2012) LPS XCIII, Abstract #2398.
[5] Jacobsen and Burr (2013) LPS XCIV, Abstract
#2165. [6] Zimbelman and Scheidt (2012) Science 336,
1683. [7] de Silva et al. (2010) PSS 58, 459-471.
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Introduction: Mars geosciences are thriving due to
the recent and ongoing release of diverse, global da-
tasets. The abundance and diversity of post-Viking
Orbiter data sets — including thousands of high-
resolution, single and multi-band visible and infrared
images, mineralogical and compositional information,
and topographic datasets — provides an unprecedented
window through which we can peer into Mars’ geolog-
ic past. Of particular interest insofar as the identifica-
tion of evolving geologic environments are the excep-
tional exposures of layered strata identified in multiple
locations across Mars [1-7]. It is clear that these strata
reveal compelling details about local to potentially
regional geologic histories. However, it is less clear
that we are obtaining and propagating the most robust
geologic story using current photogeologic mapping
techniques or properly allowing for the cross-
comparison of regions of interest. To assist in advanc-
ing the observational method and scientific value of
mapping strata within highland basins, we are conduct-
ing a geologic investigation that compares the evolu-
tion of a selected Martian basin with a comparably
sized, geologically similar terrestrial basin. This ab-
stract summarizes regional details of the areas of inter-
est as well as the progress of the investigation to date.

Regional Settings: Our investigation focuses on
mapping well-exposed basin-related layered sequences
on both Earth and Mars, leveraging one against the
other in order to improve our understanding of local
and regional geologic processes as well as photogeo-
logic mapping techniques and approaches.

Runanga-Jorn basin, Mars. The informally named
Runanga-Jorn basin (RJB) is located in Noachian- and
Hesperian-age terrains on the northern margin of Hel-
las basin, west of Hadriaca Patera (Fig. 1A). RJB is
160 km long by 80 km wide. The basin’s eastern mar-
gin is dissected by channels with implied drainage of
the Noachian-age cratered plains from the north, east,
and south. The basin surface ranges in elevation from -
2450 to -2700m, with a very slight west-southwest
slope (<0.1°). The western margin of RJB is generally
un-dissected except for a single groove-like channel
that debouches into 171.5-km-diameter Terby crater.
The region is characterized by Noachian-age moun-
tains (Early Noachian highland massif unit — eNhm of
[8]), which rise >1500 m above adjacent cratered plat-
eaus and rugged plains (Middle Noachian highland
unit — mNh) and relatively lower-standing, basin-
filling plains (Late Noachian highland unit — INh).
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Local to regional mountains have been interpreted as
crustal blocks that were uplifted and exposed by the
Hellas forming giant impact [9]. Inter-montane regions
are defined by topographic and structural basins that
are occupied by smooth to rugged and locally dissected
cratered plains of diverse (and unknown) origin.
-, L

L . ,
" TYRRHENA )

1 N

i N
Ak ._rj‘
TERRA -

A

PSP 006198, 1525
P-010835" 1525

‘.‘.3.

Figure 1. Regional setting of each study. (A) The Runanga-
Jorn basin (RJB), Mars in MOLA shaded-relief, showing
northern rim of Hellas basin. (B) The Verde Basin (VB),
Arizona in NED shaded-relief, showing bounding faults and
drainages. GeoEye base map extent shown by black box.

Verde Basin, Arizona. The Verde Basin (VB) is lo-
cated in the southern Transition Zone province of
north-central Arizona, which demarcates the structural
and tectonic transition between the southern Basin and
Range and the Colorado Plateau (Fig. 1B). The VB is



approximately 50 km long and 35 km wide and is
drained by the Verde River, which runs to the south-
east, sub-parallel to the southern edge of the Colorado
Plateau. The VB formed by 2-3 km of normal offset
along the Verde fault zone, forming a half graben
(down to the northeast) that is filled with Miocene and
Pliocene strata [10-14], likely accumulated due to vol-
canic eruptions east of VB (near Hackberry Mountain)
that repeatedly blocked the southeast-flowing ancestral
Verde River [14]. Periodic endorheic conditions result-
ed in the accumulation of lacustrine and evaporite de-
posits, intercalated with fault-related breccias, alluvial
fans, and basaltic lava flows. These are collectively
mapped as the Verde Formation [10-11], though a lack
of subdivision therein inhibits a detailed reconstruction
of environmental conditions through time.

Year 1 Results: Our approach to detailing, recon-
structing, and conveying the geologic evolution of RJB
centers on integrating both contextual mapping and
local observations in order to produce a balanced (pro-
posed to be 1:5,000 scale) geologic map of the RJB
related layered strata. One element of our proposal is
to determine the boundary and scale of geologic map-
ping, being cognizant of the stratigraphic details that
require conveyance. As such, we have focused Year 1
work on the production of base maps for both areas as
well as performing contextual geologic mapping for
RJB and VB. Completed Year 1 work includes:

« Acquisition of GeoEye Basic Stereo product for 100
km?® area of Verde Valley, including south-facing
ramp and north-facing footwall (Fig. 1).

« Processing of HIRISE and GeoEye stereo-pairs into
150 cm/pixel digital elevation models using SOCET
Set® software in USGS Photogrammetry Lab.

« Targeting and acquisition of HiRISE stereo-pairs for
supplementing RJB geologic mapping.

« Adaptation of globally-occurring units described by
[8] and [15] to the RJB at 1:250,000 scale. Base map
for adaptation is a High Resolution Stereo Camera
(HRSC) image mosaic and stereo-derived digital
HRSC terrain models (100 m/pixel).

« Eight CraterStats-based crater counts [16] within the
RJB to temporally bracket basin-related activity with
model absolute ages (Fig. 2). Areas include regions
marginal to basin floor, on the basin floor, and with-
in the exposed layered strata. Each provides statisti-
cally meaningful primary ages, with several impli-
cating a secondary resurfacing age.

« Geologic mapping of units and features within
HiRISE image and DEM, including layer orientation
measurements using LayerTools GIS plug-in [17].

« Nomenclature request submitted for RJB.

Remaining Year 1 work focuses on completing the
1:10,000 scale photogeologic mapping of units in RJB
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and preliminary construction for measured sections
and fence diagrams with RockWorks® software. Work
on the VB includes adaptation of the published
1:100,000 scale regional map [11] and preliminary

Figure 2. HRSC color-shaded relief overlying HRSC images
showing western RJB. Blue boxes indicate extent of areas
counted. Red circles indicate craters counted.

Year 2 Work Plan: The second full year of this
three-year investigation focuses on completing
1:10,000 contextual maps and 1:1,000 scale measured
stratigraphic sections for both RJB and VB. Once
completed, we will conduct field-based components of
VB to check the validity of our mapping strategy and
the accuracy of measured sections and correlated units.
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SIM. [9] Schultz, P.H. et al. (1982) JGR, 87, 9803-
9820. [10] Twenter, F.R. and Metzger, D.G. (1963)
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Introduction: A new global geologic map of Mars
has been completed in a digital, geographic information
system (GIS) format using geospatially controlled altim-
etry and image data sets [1]. The map reconstructs the
geologic history of Mars, which includes many new
findings collated in the quarter century since the previ-
ous, Viking-based maps [2] were published, as well as
other discoveries that were made during the course of
the mapping using the new data sets. The technical ap-
proach enabled consistent mapping that is appropriate
not only for the map’s 1:20,000,000 scale but also for its
likely widespread use. Each geologic unit outcrop in-
cludes basic attributes regarding identity, location, area,
crater densities, and chronostratigraphic age. In turn,
units are grouped by geographic and lithologic types,
which provide synoptic global views of material ages
and resurfacing character for the Noachian, Hesperian,
and Amazonian Periods.

Digital Map Product: The new global geologic
map of Mars at 1:20,000,000 scale [1] was produced
using Esri’s ArcGIS software. Map layers are registered
to the Mars Global Surveyor’s (MGS) Mars Orbiter La-
ser Altimeter (MOLA) global digital elevation model
(DEM; 463 m/pixel resolution at the equator) [3]. Map-
ping efforts relied heavily on morphologic observations
from the MOLA DEM as well as global mosaics of Mars
Odyssey (ODY) mission’s Thermal Emission Imaging
System (THEMIS) daytime and nighttime infrared im-
ages at 100 m/pixel [4]. We applied photogeologic map-
ping techniques similar to those described in [5-6] to
identify and discriminate 44 geologic units (forming
~1300 outcrops) and 12 linear feature types (~3500 in-
dividual features mapped). These map layers collectively
document major episodes of material emplacement, ter-
rain development, and surface modification.

Units are delineated by primary morphologic, ther-
mal/albedo, and topographic characteristics that we in-
terpret were established during unit emplacement, avoid-
ing, where possible, secondary features resulting from
subsequent tectonic and (or) erosional modification (i.e.,
resurfacing). Each map unit is assigned an age according
to the Martian chronostratigraphic periods and epochs
[7-8], as governed by superposition relations and impact
crater densities. In addition, the units are grouped into
geographic (highland, lowland, transitional, basin, polar,
and apron) and lithologic (volcanic and impact) catego-
ries.

Age Dating: Each Martian chronologic epoch has
crater-density defined boundaries that are fit to widely
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used crater production and chronology functions [9-10].
Crater counts were obtained using two approaches. The
first consisted of counts of selected typical unit surfaces
for craters as small as 100 m; results from this approach
are described in [11]. The other method involved the
intersection of the geologic map units with the global
crater database of Robbins and Hynek [12] that docu-
ments the location, diameter, and other morphologic
attributes of >300,000 craters larger than 1 km in diame-
ter.

Overall, these age determinations enabled grouping
the units by age, resulting in a chronostratigraphic map
(Fig. 1), as well as summaries of the areas (Fig. 2) and
resurfacing rates (Fig. 3) for each unit group by epoch.
Areas and rates are calculated on an age-based propor-
tion scheme that relies on model chronologies. Here, we
show example results using the Neukum chronology
function, but we have also calculated results based on
the Hartmann function. (More results are shown in [13].)

Chronostratigraphic Map Summary (Fig. 1): The
Noachian (46% of total surface area) shows the domi-
nance of exposed ancient highland terrain on Mars with
relatively minor volcanic and basin materials. Some iso-
lated outcrops occur within the northern lowlands.
Crater preservation as a function of age and terrain indi-
cates that fluvial erosion and local infilling such as by
sedimentation and volcanism were dominant Noachian
resurfacing processes [14].

Exposed Hesperian rocks (22% areal coverage) infill
the northern lowlands and large impact basins and form
the earliest polar deposits and major extents of the Thar-
sis and Elysium volcanic rises. Parts of the highland
boundary retreated, and canyons and chaotic terrain
formed by tectonism, incision, and collapse in Valles
Marineris and nearby highland areas. Scattered impact
craters dot the highland landscape.

The Amazonian (32% areal coverage) shows contin-
ued volcanism in the Tharsis and Elysium regions and
local mass-wasting and accumulation of sediments along
the highland-lowland transition region. Also, aprons
formed around Olympus Mons and Tharsis Montes.
Remnants of a Middle Amazonian lowland unit [15] and
other basin and volcanic materials cover large patches of
the northern plains. A proportion of the scattered out-
crops of impact material in the highlands are Amazonian
age. The polar plateaus largely formed at this time.

Resurfacing History (Figs. 2 and 3): We find that
Noachian highland surfaces overall have high percent-
ages of their areas now dated as an epoch or two older



than in the Viking mapping [2] (with consequently mod-
ified resurfacing rates of those reported by [16]). Pristine
impact craters >3 km in diameter occur in greater density
on (1) Hesperian terrain (which is volcanically rich) and
(2) in a vast Amazonian and Hesperian volcanic unit.
This contrasts with their deficit on heavily cratered and
otherwise softened Noachian terrain. These observations
are likely due to the relatively stronger, less-impacted
yet lava-rich materials making up the younger units.
Reconstructions of resurfacing of Mars by its eight geo-
logic epochs using the Hartmann and Neukum chronolo-

Ghmncatraligraphla Unlta
Amazonlan

gy models indicate high rates of highland resurfacing
during the Noachian, modest rates of volcanism and
transition zone and lowland resurfacing during the Hes-
perian, and low rates of mainly volcanic and polar resur-
facing for the Amazonian. An increase in Late Amazo-
nian resurfacing rates may be due in part to exposure
bias, in which a higher proportion of younger surfaces
remain exposed versus that of older surfaces. This bias
may be especially effective in volcanic regions where
recurrent eruptive activity has taken place for most of
the history of the planet.
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Figure 1. Chronostratigraphic map of Mars. Some units span multiple epochs or periods.
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THE HALE IMPACT EVENT AND ASSOCIATED MODIFICATION OF SOUTHERN MARGARITIFER
TERRA, MARS S. A. Wilson® (purdys@si.edu) and J. A. Grant* (grantj@si.edu), *Center for Earth and Planetary
Studies, National Air and Space Museum, Smithsonian Institution, 6" at Independence SW, Washington, DC, 20560.

Introduction: The southern Margaritifer Terra re-
gion on Mars preserves a long geologic history of wa-
ter-related activity. The evolution of Uzboi Vallis (cen-
tered ~28°S, 323°E, Fig. 1), adjacent plains, and allu-
vial deposits, as mapped in USGS quadrangles -20037,
-25037, -30037 and -30032, will help constrain the
relative timing and duration of fluvial modification and
lacustrine processes in the surrounding area (Fig. 1).
320E 330E

Figure 1. Southern Margaritifer Terra indicating
USGS map quadrangles (black boxes), major place
names, and location of Fig. 4 (white box). Craters host-
ing alluvial fans (stars) [12-13] are ~500+ km from
Hale crater. MOLA over THEMIS day IR.

Regional Geologic History: Uzboi Vallis is the
southernmost segment of the northward-draining Uz-
boi-Ladon—Morava (ULM) meso-scale outflow system
that dominates drainage in southwest Margaritifer Ter-
ra [1-4]. The ULM drainage was likely incised during
the late Noachian to Hesperian [2]. Craters Hale (125 x
150 km diameter) and Bond (111 km diameter) inter-
rupt the southern end of the system and have destroyed
the probable source outlet from Argyre basin [2-3]
(Fig. 1). The northern end of Uzboi is blocked by
Holden crater, thereby creating an enclosed basin that
filled as a large paleolake in the Hesperian [5]. Mor-
phologic evidence suggests the Uzboi lake reached to ~
-350 m relative to the MOLA datum and exceeded
4000 km?® [5] before overflowing and draining into
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Holden crater [6]. Hale crater formed near the Amazo-
nian-Hesperian boundary [7] or perhaps during the
early-to-middle Amazonian [8].

Hale likely formed as an oblique impact from the
southeast [8-10] and its ejecta and associated deposits
have been mapped in the southern portion of the map
area [8]. Modeling of Hale suggests the impact dis-
persed melts and intense winds over an area exceeding
5 million km? creating a field of secondary craters,
wind streaks and scours as far north as Valles Mari-
neris [9]. Previous geomorphic mapping of Hale crater
indicates that channels originating from, incising and
transporting material from its ejecta were created or
modified by water that was mobilized during the im-
pact event, emplacing fluidized debris flow lobes over
an extensive region [8]. We present morphologic evi-
dence that deposits associated with the Hale impact are
likely more extensive than previously mapped [8],
reaching into and modifying Uzboi Vallis and the sur-
rounding plains.

Possible Hale-Related Deposits in Uzboi Vallis
and Surrounding Plains: The deposits are sourced
near the rim of Hale and flow into pre-existing valleys,
topographic depressions, and craters [7]. Many craters
in the circum-Hale region are significantly infilled by
the deposits [8], possibly burying evidence of older
alluvial deposits [11]. The deposits are often darker-
toned than bounding surfaces, smoother (at scales of
10s to 100s of meters), and embay secondary craters
from Hale, thereby constraining the timing of their em-
placement. West of Bond crater, the deposits locally
form lobes with distinct margins after passing through
topographic constrictions (Fig. 2).

Although most of the deposits are relatively smooth
and featureless, the surfaces of some flow lobes are
characterized by ridges. Some of the ridges are roughly
parallel and oriented perpendicular to the presumed
direction of flow, similar to morphologies associated
with some lava flows (Fig. 3). Light-toned, meter-scale
boulders, aeolian bedforms and extensive cracks (some
that cross-cut ridges) are common on lobe surfaces,
and layering is not evident. Local aeolian erosion of the
distal margins of the lobes implies a fine-grained com-
ponent, perhaps produced by weathering. The surface
of the lobes and associated deposits lack obvious sec-
ondary craters from Hale, suggesting these deposits
post-date the initial formation of Hale.

These materials flowed into Bond crater and low-
lying terrain to the north, occupying pre-existing val-
leys (Fig. 4). Although the deposit appears to thin
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considerably with distance from Hale, the material con-
tinues to embay secondary craters from Hale and the
margins of this smooth, dark-toned deposit on the
southern bank of Uzboi can be readily mapped (Fig 4).
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Figure 2. Flow lobes in low lying terrain west of Bond
(see Figs. 1 and 4 for context) form distinct margins
(black arrows) and embay secondary craters from Hale
(white arrows). Box shows location of Fig. 3. Image
width is ~37 km across, subframes of CTX images
P18_008259 1473 and P21_009050_1472.

Figure 3. Roughly parallel ridges are oriented perpen-
dicular to the direction of northerly flow (image ~1.7
km across, see Fig. 2 for context). Inset shows light-
toned boulders, cracks and small aeolian bedforms.
Subset of HIRISE P07_003565_1479 (~50 cm/pixel).
Implications: Because the Hale-related deposits
are younger than deposits previously associated with
Uzboi Vallis, they provide an additional, later chapter
in the history of the ULM system. The Uzboi lake [5]
formed and drained before the Hale impact and provid-
ed the mechanism for localized resurfacing of the trunk
and tributaries of Uzboi Vallis. Nirgal Vallis is the
largest tributary to Uzboi (Fig. 1), but its relative age,
origin and role in the formation of the lake in Uzboi is
not well understood [e.g., 5]. Older deposits at the con-
fluence of Nirgal and Uzboi associated with the initial

32

incision of Nirgal may be buried by the later Hale-
related flows. There are no obvious Hale secondaries
on the floor of Nirgal Vallis, but this may be due to the
small width of the valley, subsequent backwasting of
valley walls, infilling by aeolian or Hale-related depos-
its, or inadequate coverage by high-resolution images.

Figure 4. Preliminary draft of linework showing mar-
gins of possible Hale-related deposits that flowed north
into pre-existing depressions and valleys toward Uzboi
Vallis (see Fig. 1 for context). Image is ~80 km across.
MOLA over CTX mosaic.
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Introduction: NASA’s Dawn spacecraft arrived
at Vesta on July 16, 2011, and collected imaging, spec-
troscopic, and elemental abundance data during its one-
year orbital mission. As part of the geological analysis
the Dawn Science Team created geologic maps of Ves-
ta at the global scale [1] and as a series of 15 quadran-
gle maps. We here concentrate on our mapping and
analysis of quadrangle Av-9 Numisia (Fig. 1).

Geologic Setting: The Av-9 Numisia quadrangle
is located in the equatorial region of Vesta, extending
from £22° latitude and from 216° - 288° E longitude.
The quadrangle is dominated by Vestalia Terra (VT).

Data: Clear filter (monochrome) Framing Camera
(FC) Low-Altitude Mapping Orbit (LAMO) images
(spatial resolution ~20-25 m/p) were mosaicked to
make the quadrangle base. Topography of Av-9 is ob-
served in a colororized Digital Terrain Model (DTM)
derived from Survey orbit FC data [2]. Variations in
surface composition are revealed by Visible & Infrared
Spectrometer (VIR) hyperspectral images from Survey
(700 m/pixel) and Low-Altitude Mapping Orbit
(HAMO) (200 m/pixel) and FC color ratio images (250
m/pixel) from Survey orbit.

Compositional Information: FC color ratio imag-
es using standard Clementine ratios [Red (750/430
nm); Green (750/920 nm); Blue (430/750 nm)] [3]
show compositional variations within the Numisia
quadrangle. Further evaluation with VIR investigated
the significance of these color variations and identified
deposits of OH [4] and diogentite [5] against a primari-
ly howarditic background [6].

Geologic Units and Features: We use the material
units and structures produced for the HAMO-based
global geologic map of Vesta [1], except where updat-
ed and modified to take into account the unique fea-
tures of Av-9 quadrangle.

Vestalia Terra: VT is a distinct, topographically
high region of Vesta bound by steep scarps (Fig.2).
The region is albedo-bright in clear filter FC images,
compared to surrounding terrains. The large number of
craters with “colorful” ejecta on VT implies that the
region has a diverse composition. Although crater
counts of the surface of southern VT suggests an age
similar to the other cratered highlands on Vesta (3.7 Ga
using the lunar-derived chronology [7]), superposition
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principles suggest that the VT plateau itself is older
than the crater dating would suggest. The plateau is cut
on all sides by ancient basins (e.g. Rheasilvia, Vene-
neia, Ferralia) indicating that the plateau is even older
[8].

“Dark ribbon: The “dark ribbon” is a feature
primarily evident in FC color ratio data but also dis-
cernable in clear filter data as a roughly linear unit of
albedo-dark material crossing VT from the northwest
to the southeast. The ribbon is cut by Numisia crater,
whose wall stratigraphy shows a dark layer that dis-
plays the thickness of the dark ribbon material.

It has been suggested that the dark ribbon is ejecta
from Drusilla crater directed into a channelized flow
within a linear topographic low on the top of the VT
plateau [8]. Drusilla is an OH-bearing craters [4] and
so it is hypothesized that the great extent the dark rib-
bon travels from the crater is due to channelization in
combination basal glide over impact-released gases [8].

Pit crater chains: While the other equatorial quad-
rangles on Vesta display numerous wide and flat-
floored troughs, Av-9 does not [9]. There are, however,
three large pit crater chains: Robigalia and Albalonga
Catena, and an unnamed feature. Component merged
pits show signs of collapse but distinct fault faces can
also be observed. A strong correlation between pit
crater chains and fault-bounded graben has been ob-
served on other planetary bodies [10]. The VT pit
crater chains are roughly aligned with the equatorial
flat-floor troughs [9].

Brumalia Tholus: The topography of Av-9 reveals
the presence of an elongate hill named Brumalia Tho-
lus in the southeast of the quadrangle [11]. Albalonga
Catena is in line with the axis of Brumalia to both the
west and east. FC color data shows material of a dis-
tinct composition which appears to be moving
downslope on the northern flank of the hill. Teia crater,
which impacted Brumalia, has albedo-bright and “col-
orful” ejecta with a distinct geomorphic texture; VIR
analysis has established that this ejecta is diogenitic
[5]. These observations have led to the suggestion that
Brumalia Tholus represents a magmatic instrusion on
Vesta, possibly a dike or a laccolith [11].
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Introduction: Europa’s extremely young surface
age, evidence for extensive resurfacing, and indications
of a sub-surface ocean elevate its astrobiological poten-
tial for habitable environments, making it a compelling
focus for planetary geological study. Knowledge of the
global distribution and timing of material units is a key
step for understanding the satellite’s history and for
identifying features relevant for future study.

We have produced an updated 1:15M global geo-
logic map of Jupiter’s moon Europa. This contribution
builds upon the global map presented by [2] and incor-
porates the interpretations of material units and se-
quences of events presented by [3-8] in local to sub-
regional perspectives. Unified guidelines for the identi-
fication, mapping and naming of Europan geologic
units were put forth by [9] and employed in regional-
to-hemispheric scale mapping [10, 11] and the first
global geologic map [2]. This effort provides a more
complete understanding of the material surface units,
their stratigraphic relationships, and the resurfacing
history associated with their formation.

Methodology: A global photomosaic utilizing the
best available Galileo and Voyager regional and high
resolution (12.6 to 0.23 km per pixel) coverage was
used as a basemap [1], following suggested methodol-
ogy of stratigraphy for planetary mapping [12]. We
have defined units based on characteristics which can
be compared in both low and high (better than 1.7
km/px) resolution images, then extrapolated those
characterists to low resolution and varied illumination
areas rather than establishing “undifferentiated” units.
Consideration was given to viewing geometries when
determining units; [13] has shown incidence angle to
control the visibility of texture. To portray stratigraphic
relationships, we present the map in two parts: the first
illustrates material units; the second portrays prominent
linear features, which are mapped as structures at
1:15M scale, though they would otherwise be separate
material units.

Material Units: Geographic regions are character-
ized in terms of the main surface units summarized by
[9]: plains, chaos, band, ridge, and crater materials.

Plains Material. Globally extensive plains appear
smooth at regional or global resolution but are intense-
ly ridged at higher resolution. Plains are characterized
by cross-cutting ridges and troughs at multiple scales
with various geometries including arcuate, sinuous and
anastomosing. Some localities are disrupted by pits and
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domes; however, plains are sparsely cratered. Varying
degrees of texture, deformation, albedo, topographic
relief, embayment and are prevalent.

Chaos Material. Disrupted terrain which forms
dark albedo features in global or regional resolution
and has sharp embaying contacts with brighter,
smoother plains units are termed chaos. At low resolu-
tion, regions of chaos also have transitional areas of
dark albedo spots in a high albedo matrix. At higher
resolution, the chaos is seen to be hummocky plains
with plates of younger plains units in a matrix of dark,
knobby material. Variations in elevation, degree of
disruption, and density of lenticulae establish the dif-
ferences between chaos, lenticulae, and plains [14].

Band Material. Linear, curvilinear, or cycloidal
zones distinguished by contrast in albedo and/or tex-
ture to surrounding terrain are termed bands. Typical
bands exhibit sharp margins and an internal structure of
subparallel ridges and troughs which may be subdued.

Ridge Material. Linear features which occur as sin-
gle crests, central troughs bounded by a ridge pair, and
complex subparallel ridges are ridges. They range in
length from a few to >1000 km with widths up to sev-
eral km and are convex to trapezoidal in cross-section.
Ridges may exhibit tapering, flank slopes, mass wast-
ing, dilation, sinuous margins, anastomosing and dis-
continuous sets, or bifurcation. Some are cycloidal.
These materials are mapped as structural symbols
though they correspond to a specific formation process
and time. Widely spaced linear features that consistent-
ly cross-cut younger plains units and are distinct from
the densely spaced ridges in plains units are used as
stratigraphic markers, or framework lineaments.

Lenticulated Terrain. Regions where individual
lenticulae have been emplaced in dense populations
represent a transitional unit from plains to chaos.

Crater Material. All material comprising a crater’s
floor, central peak (when present), wall, raised rim, and
ejecta deposits is mapped as crater material.

Stratigraphy: The paucity of impact craters on the
surface of Europa prevents a determination of relative
age between material units based solely on crater den-
sity frequencies. Rather, we establish stratigraphic
markers as a function of linea cross-cutting relation-
ships [15] and attempt to illustrate the surface history
through four periods of formation based these linea
relationships. These framework lineaments (Figure 1
bottom) indicate the most important stratigraphic
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markers for formation periods and represent a simplifi-
cation of stratigraphy while preserving overall geologic
units and major structural features (Figure 1 top).

The earliest preserved material units on Europa are
dominated by the intricate ridged plains materials, typ-
ified by Balgatan and Falga Regio where bright plains
are crisscrossed by ridges. The second period of for-
mation is typified by the emplacement of many promi-
nent linea and the bands or “wedges” of Argadnel Re-
gio. The Tyre and Callanish impacts occurred during
this period. The third period of formation is typified by
broad regions of chaos as seen in Dyfed and Powys
Regio and widespread emplacement of lenticulae. The
youngest materials on Europa include lineaments, cha-
0s, and the prominent crater Pwyll.

Formation Processes: Full understanding of the
formation and evolution of each material unit and
structural group requires reflection on globally con-
sistent origins for each feature or an interpretation of
potential local conditions or controls not excluded by a
global process as all units and structures are represent-
ed globally. We have undertaken a comparison of all
previously proposed formation mechanisms to attempt
to establish the most likely scenarios of unit formation
and evolution. To augment the basic description and
interpretation of geologic units and features and to aid
in our understanding of formation mechanisms so that
we may appraise each model for its merit, we are ex-
amining the Galileo NIMS data to assess correlations
between composition and geology or topography as in
[16]. In addition, we are reviewing all photoclinometry
and stereo imaging results from [17].
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Fig. 1. Excerpt from Europa map illustrating material units near

Argadnel Regio (top; see bounding box on map below) and

100 framework lineaments that establish a stratigraphic frame-
work (bottom).
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Introduction: Our research team searched for poss-
ible hot springs on Mars that could have once hosted
ancient life. Sulfur rich hot springs found on Earth are
teeming with life. They would be an ideal place to look
for life forms on Mars. [1] Hot springs have been ten-
tatively identified in Vernal Crater, and a volcanic cone
in the Nili Patera caldera on Mars has been identified
to contain potential h ermal mineral depsits. [2]
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Figure 1 HiRISE image PSP_002812_1855 with
potential hot springs.

Procedure: We started by examining 132 HiRISE
hydrothermal images. We also used geological maps to
examine the sites. We focused on northwest Nili Fos-
sae because it had evidence of desiccation cracks, me-
thane releases, mounds, oxidized iron minerals, phyllo-
silicates, and Noachian-aged rocks.

We studied features on an IRB non-map projected
version of HIRISE image PSP_008637_2035 using the
HiView program. We constructed 3-D and profile
maps from MOLA to get geospatial relationships. We
then used JMARS to do mineralogical, thermal, and
dust analysis. We used CRISM stamps and the JCAT
tool, with reference spectra from USGS and ASTER
spectral libraries, to determine the specific rocks and
minerals at our site. We looked for phyllosilicates,
hydrated silicates, sulfates, and carbonates.

We looked specifically for minerals with Al, Mg,
Ca, and Fe cations. We believed that these cations
would be the most abundant because of preliminary
CRISM stamp analysis, and the presence of aluminum
in the sulfates previously found on Mars. As on Earth,
life could have been associated with these martian hot
water sulfates. [3]

Phyllosilicates form in a prolonged wet and often
warm environment. [4] Clays are great at holding and
preserving organic matter. [5] With phyllosilicates in
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our area, there is a chance that we could find the
chemistry of life. [6]. Phyllosilicates have been found
in Nili Fossae, but most publications seem to focus
on areas east of it or in the main depression. [7] Phyl-
losilicates have been found concentrated on the
slopes of mesas and along canyon walls, which shows
that water played a sizable role in changing the min-
erals in a variety of terrains. [6] Iron oxides have
been altered by water and are typically found in
places where there are hot springs. [8] Sulfate miner-
als form in a relatively acidic environment. A com-
mon environment involves contact with hot water
solutions. [9] Hydrated silicates can be dissolved by
hot water and transported via hydrothermal vents into
hot springs. [10] Some hydrated silicates such as opal
have been found on Mars in deposits that are younger
than Noachian-aged rocks, implying that hot springs
may have been active in more recent times. [11] We
also looked for carbonates, since the ones previously
found in Nili Fossae are like the Pilbara carbonates
that are in Australia which contain stromatolites. [12]
Carbonates had been a missing rock type on Mars
and are not very common there. [13] Carbonates can
form from buried and decomposed organisms. [14]

Sample data: HiRISE imagery shows a light

blue area near the base of a cliff (Fig. 2)- its diame-
ter is 247 meters. It closely resembles the Vernal
crater mounds that are suspected hot springs. There,
the elliptical features are 200 meters wide and up to
600 meters in length. [15]

Figure 2 HIRISE image PSP_008637_2035 showing
a possible martian hot spring mound.

The structure in Figure 3 appears to be a mound
eroding with different sedimentary layers being ex-
posed. It has a diameter of 453 meters. This is consis-
tent with other images in Nili Fossae showing layered
bedrocks. [16] Hydrothermal mounds on Earth show
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similar layering, supporting the hypothesis that this
martian mound formed in a hot spring.

" A | A
Figure 3 HIRISE image PSP_008637_2035 shows an
eroding mound with sedimentary layers exposed.

Figure 4 shows a channel with high lands on either
side. We chose four points (A, B, C and D) on the im-
age to get a range of spectra (Fig. 5) A and B are on
the cliffs above the channel. C and D are on the bottom
of the channel. Phyllosilicates were detected at all loca-
tions, making it a potential hydrothermal site.

Figure 4. CRISM image FRT0000D6D6. Locations
where spectra in figure 4 were sampled are labeled A,
B, CandD.
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Figure 5. JCAT spectra from NW Nili Fossae. The
orange line corresponds to site B in Figure 4, blue line
to site A, green line to site C, and red line to site D.

Conclusions: We conclude that northwest Nili
Fossae was a hot spring (hydrothermal area) based on
these criteria: 1) Observed mounds range in diameter
from 3 meters to 453 meters, making them a suitable
size to be considered as hot springs or stromatolite
reefs.

2) The phyllosilicates saponite, nontronite, chlorite,
glauconite, biotite and phlogopite were detected. They
seem to be eroding out from a layer of rocks along the
cliffs and filling the bottoms of low channel areas. This
layer is not associated with the youngest surface, so it
may agree with Noachian aged rocks. The phyllosili-
cates do not seem to be from impact ejecta because
they are all in a uniform layer.

3) The presence of large quantities of water is sup-
ported with the detection of desiccation cracks. 4) We
did not detect any kaolinite, sulfates or hydrated sili-
cates, which suggests these waters were not acidic in
pH, but more neutral. This implies the environment of
Mars at the time of their formation was wetter and at
temperatures more hospitable to life. [2, 17, 18]

We also conclude northwest Nili Fossae has not
undergone serpentinisation, because there was no spec-
tral detection of olivine, magnetite, serpentine, or talc.
Therefore methane could not have formed through ser-
pentinisation on our site, leaving the possibility open
that it is of biological origin.

Magnesite and dolomite were detected. Since car-
bonates were found, there is a very slim possibility that
they may be associated with a biological origin. How-
ever, carbonates can form as a result of geological
processes as well. [19]
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Methane Gas Plumes as Indications of Subsurface Aquifers in Nili
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High-concentration atmospheric methane plumes are currently being detected on the
Martian surface. Multiple hypotheses have been proposed to explain possible sources
of these methane plumes. Thirty high resolution images and spectral analyses obtained
from CRISM, HIRISE, and THEMIS of the Nili Fossae region were analyzed in an
attempt to identify a possible source of origin. Morphological analysis indicates
extensive megabreccia formations, faulting, horst and graben systems, and volcanic
landforms and structures. Additionally, high concentrations of Fe/Mg olivine as well as
elevated bound water deposits were also found in association with previously identified
serpentine and serpentinite deposits in this region.

It is believed that these results are consistent with the methane gas plumes originating
by abiogenic processes. We propose that these plumes result from the exothermic
process of serpentinization of high Fe/Mg olivine melting subsurface ice deposits
releasing stored methane gas deposits. Correlations between the methane gas plumes,
abundant Fe/Mg-olivine deposits, significant bound water deposits, and morphological
environments conducive to serpentinization are indications that these plumes being a
result of this process. Ongoing methane gas releases are a result of the serpentinization
processes due to the interactions of olivine with the atmospheric carbon dioxide and an
extensive subsurface aquifer in the Nili Fossae region.
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QUADRANGLE. J. J. Hagerty*, J. A. Skinner', L. R. Gaddis', C. M. Fortezzo', and T. D. Glotch? 'USGS Astro-
geology Science Center, 2255 N. Gemini Drive, Flagstaff, AZ 86001, “Stony Brook University, Stony Brook, NY,

email: jhagerty@usgs.gov.

Introduction: The recent flood of lunar data has
provided unprecedented views of the lunar surface,
which in turn has shown us that portions of the lunar
surface, such as the Copernicus lunar quadrangle, con-
tain numerous lunar lithologies with several possible
origins [e.g., 1 — 10]. However, with increasingly
abundant and complex data comes increasingly varied
models for lunar surface processes. In fact, interpreta-
tions of the origin of specific units or features can vary
depending on the data being used. In an effort to pro-
vide a comprehensive understanding of the evolution
of the lunar crust within the Copernicus quadrangle
(Fig. 1), we are integrating multiple data sets via end-
member methodologies.

MARE

Lambert

IMBRIUM

INSULARUM

Figure 1. The base image is a color-coded version of
the LRO LOLA topographic map (100 m/pixel). Also
shown are features with major compositional varia-
tions that will serve as key locations to investigate.

Traditionally, two investigative strategies have
been employed to determine the distribution and origin
of specific geologic features and lithologies on the
Moon: geologic/morphologic mapping and composi-
tional mapping. Rarely, however, have the two meth-
ods been seamlessly integrated for lunar science inves-
tigations with the specific intent of producing a USGS
geologic map. The abundance of high-resolution lunar
data, in combination with the integration of the two
end-member mapping methodologies, has the potential
to provide significant new constraints on the formation
and evolution of the lunar crust, to establish a compre-
hensive geologic and stratigraphic context wherein
subsequent studies can be conducted, and to delineate
refined approaches for the systematic production of
geologic maps of the Moon.
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This mapping project addresses several major lunar
science issues including: 1) examination of the hetero-
geneity of lunar crustal materials and their vertical and
horizontal distribution, 2) spatial and temporal varia-
tion of lunar lithologies, 3) refinements of the geologic
and stratigraphic architecture of referent lunar materi-
als, and 4) efficiency assessments of lunar mapping
methods, including the role of data set type and resolu-
tion within the 1:2.5M scale quad-based mapping
scheme. New constraints on the composition and struc-
ture of the lunar crust will follow which will improve
estimates of the bulk composition of the Moon and
allow new tests of models for the origin and evolution
of the Moon.

Results from Pilot Study: PG&G funded a pilot
investigation program in 2003 (Pl L. Gaddis, USGS)
wherein the chief objectives were to research the map-
based needs of the lunar science community, to estab-
lish a systematic mapping program, to help define the
technical requirements of a rejuvenated program, and
to promote such a program in advance of recent lunar
missions. The pilot mapping project examined the dis-
crete geologic materials within the Copernicus quad
and the methods by which the materials could be iden-
tified and described. Results, as detailed in Skinner and
Gaddis [11], include:
¢ Validation of the 1:2.5M map scale for systematic

mapping based on the resolution of continuous
basemaps and the digital mapping environments
where they are analyzed;

o Subdivision of crater materials into facies, based on
combined morphology and spectral signature;

o Retention of facies indicators in unit name but aban-
donment of ruled patterns indicative of unit-specific
albedo;

o Retention of surface brightness stipples using a
threshold determined by Clementine data;

¢ Improvement of criteria for delineating volcanic vent
materials, including domes and dark-halo craters;

e Abandonment of (where not critical) the widespread
use of concealed contacts;

¢ Retention of cross-sections to demonstrate vertical
and lateral relationships of stratigraphic horizons
(currently, cross-sections are not common compo-
nents of planetary geologic maps);

o Application of a 5 km lower limit of the functional
delineation of unit outcrops;



o Application of discrete units and stipples to resolva-
ble, unit-specific impact ejecta (e.g., excavated and
redistributed mare material);

o Retention of detailed geologic unit explanations
(correlation of map units), with appropriate varia-
tions to account for the inclusion of discrete, super-
position, time-transgressive, and unconformable
units.

While the pilot study provided needed refinements to
geologic mapping methodology, much work remains
for the Copernicus quad, including detailed unit delin-
eation and analysis. Our current efforts will expand
upon the previous work to provide a methodical exam-
ination of a lunar quadrangle that is critical to the rein-
vigorated effort to map the Moon.

(Relevant mapping data sets )

Geomorphology [« » Composition
A A
» Type localities |«
L 4 ¥
Crater counts | | Evolutionary scenarios
v
Global context —
'I'_ Inform
(Geologicmap) | public

Figure 2. Conceptual flow chart for our two-pronged
mapping effort.

Current Mapping Effort: As noted above, we
are using a two-pronged mapping approach that hinges
on buttressing the well-vetted and “classical” method-
ologies of morphologic mapping with compositional
mapping. The integration of end-member approaches,
in combination with robust lunar data, will result in a
powerful tool for understanding the formation and evo-
lution of the lunar crust in the quad. Figure 2 demon-
strates a conceptual flow chart for how the proposed
integration effort will proceed. Compositional data sets
will rely on both regional- and local-scale spectral and
elemental data sets. Note the circular iterations of ge-
omorphology = type-locality <> composition. Geo-
morphology will provide the geologic context for
compositional assessments. Crater counts will supple-
ment morphologic studies for assessment of relative
unit age and stratigraphy.

Compositional Mapping: Individual data sets
(e.g., Diviner, Clementine, and M?® spectral data) are
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being used to identify and assess lithologic diversity
but are also being combined with lunar sample data to
conduct forward modeling of low-resolution thorium
(Th) and iron (Fe) data from the Lunar Prospector
Gamma Ray Spectrometer (LP-GRS). Combining
these compositional data sets can be difficult due to the
fact that each has a different spectral resolution and
each provides unique information. However, by com-
bining these data sets it will be possible to accurately
determine the compositions of individual features in
the quadrangle.

Determining the compositions of features in the
quad is critical for evaluating their importance to lunar
science. For instance, the pyroclastic deposits are im-
portant because they provide a window into lunar man-
tle, while the Th-rich impact ejecta provide windows
into the structure and composition of lower crust.
Meanwhile, Th-rich volcanics (basaltic but also possi-
bly silicic) provide information about crustal formation
processes and the bulk composition of the crust [e.g.,
4, 5]. Lastly there are several anomalous regions with-
in the quad that do not have clear origins and have not
been previously explored. These features, which will
be investigated in detail for the first time, may provide
new information about lunar crustal processes.

Year 1 Goals and Progress: Funding for the pro-
ject was allocated to the USGS at the beginning of
Fiscal Year 2013 and a subcontract was established
with Co-l Glotch (Stony Brook University). Co-Is
Glotch and Gaddis have begun generating mosaics of
Diviner and Kaguya data respectively. Co-lI Skinner
has begun pulling together the project-specific GIS.
The bulk of the remaining work (i.e., regional scale
geologic and compositional mapping will be accom-
plished in the 3" and 4™ quarter of the fiscal year).
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Introduction: Crustal plateaus are quasi-circular,
flat-topped plateaus with heights ranging 1-4 km.
These crustal plateaus are host to distinctive tectonic
terrain, referred to as ribbon tessera terrain. Crustal
plateau formation on Venus is subject to animated de-
bate, centered on plateau support and resulting surface
deformation. Four formation hypotheses exist, mantle
downwelling [1-3], mantle upwelling [4-8], pulsating
continents [9] and the lava pond hypothesis [10]. De-
tailed mapping of southern Tellus Regio provides criti-
cal clues for plateau evolution. Tellus Regio is one of
two isolated crustal plateaus on Venus. Tellus Regio,
centered at 42.6N/76.8E, is nearly oval with a slightly
smaller and tapered southern part, has a long axis di-
mension of ~2300 km, is bordered by lowlands, and
sits ~2-3 km above the regional plains with the highest
elevations in the eastern, western, southern portions,
and steep eastern and western margins and gently slop-
ing northern and southern margins [11, 12]. The north-
ern margin of Tellus Regio is not well defined and may
represent a transitional area with the lowlands. North-
central Tellus is host to a low-lying interior showing
complex surface deformation. High resolution SAR
data reveals an overall rough surface topography on
Tellus Regio marked by ribbon tessera terrain. Struc-
tural and geologic mapping of southern Tellus Regio
(43N/73-90E, 26N/74-86E) provides an excellent op-
portunity to examine the rich surface deformation his-
tory, preserved during crustal plateau formation, ena-
bling the evaluation of crustal plateaus hypothesis.

Regional Geologic Relations: Geologic and struc-
tural mapping revealed that tessera terrain includes
various combinations of long-, intermediate-, and
short-wavelength (A) folds, intra-tessera basins, ribbon
structures, graben complexes, fault scarps, and unde-
fined lineaments. Long- A folds (20 km to >150 km)
dominate the plateau generally occurring along the
margins of Tellus Regio, although a few long, NW-
trending wavelength folds occur in the center of the
plateau. Intratessera basins are broadly distributed
across the plateau, and occur at a range of sizes, shapes
and orientations. Large intratessera basins are widely
distributed across the plateau and commonly represent
fill of long-A fold troughs. Intermediate-A folds (5 - 15
km) occur across the plateau defining a general fluid
pattern [13]. Relatively broad elongate embayments
also form in the troughs of intermediate-A folds. Along
the limbs and crests of long-and intermediate-Afolds
short, narrow basins occur within the troughs of short-
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A folds (A<1 km) and ribbon structures. Ribbon struc-
tures occur across the plateau, whereas graben com-
plexes generally appear in suites throughout the central
and western regions of southern Tellus Regio. The
regional distribution and orientation of structural ele-
ments collectively define a fluid-like pattern across the
southern Tellus map area. Detailed analysis of targeted
regions provides detailed temporal constraints.

Detail Map areas: Six detail map areas contribute
to provide a detailed geologic history of the crustal
plateau. Each area was selected for characteristic struc-
tural elements and was mapped using full-resolution
Magellan cycle-1 and -2 SAR data, in normal and in-
verted modes, and combined for true stereo views
[14]. Generally short- and intermediate-A folds, ribbon
structures and basin fill material occur throughout each
of the detailed map areas. Fewer long-A folds, graben
and fault scraps occur throughout the areas. Broadly,
all detail map areas record generally parallel short-,
intermediate and long-A folds, and ribbon structures
that trend orthogonal to fold axes. Troughs of short-,
intermediate-, long-A folds and ribbons are commonly
filled with flood deposit material. Although short-
A folds were previously associated with local intra-
tessera basins within Tellus Regio [15, 16], the extent
and abundance of short-A folds across Tellus has not
been previously documented. Each of the detail map
areas record similar geometric structural relations, and
relative timing of strucutractral elements, yet each re-
gion highlights different structural orientations and 2D
bulk strain. The geologic mapping results are broadly
in accord with previous studies on portions of Tellus
Regio [15-18].

Broadly, fold As show a progression from short-, to
intermediate-, and long-A over time, ribbon structures
occur early, shortly after short-A folds. Graben and
fault scarp formation occurs late. Deposition of flood
material occurred throughout the progressive deforma-
tion filling the troughs of all types of structural ele-
ments.

Structural wavelengths recorded for contractional
and extensional structures for the detail map areas
place estimates on layer thickness operative during
structural-element formation; empirical A:layer thick-
ness ratios of 3 to 6 for contractional structures and 4
to 2 for extensional structures constrain the layer thick-
ness estimates [10, 19-20]. Average layer thicknesses
for short-A folds and extensional ribbons structures
show broadly overlapping average layer thicknesses,



ranging from range from 0.1 to 1.15 km, and 0.76 to
1.33 km, respectively. Average layer thickness esti-
mates associated with intermediate-A fold formation
range from 1.0 to 2.15 km and 1.45 to 3.83 km, de-
pending on location; whereas long-A folds deformed
layers ranging in thickness from ~5 to 15 km. All six
areas record similar increases in layer thickness over
time, as well as overlapping thickness estimate be-
tween short-A folds and ribbon structures. The progres-
sion of structures based on layer thickness estimates is
consistent with the broad structural temporal relation-
ships interpreted across the entire plateau with short-A
structures forming early and long-A structures forming
later. An increasing layer thickness over time also
places a strict requirement on the evolution of the
rheological structure across the plateau [10]; the pres-
ence of a thin initial layer, with an increase of layer
thickness over time, requires a sharp viscosity gradient
with depth in order to form short-wavelength fold and
ribbon structures.

Histories and Implications: A general evolution
arises from the geologic histories interpreted from each
map area. Short-A folds formed early followed or ac-
companied with, ribbon structure formation, deforming
a thin (0.1-1.3 km) layer with a sharp viscosity change
at depth. Low-viscosity flood material locally flooded
structural lows. Fold formation and local flooding re-
sulted in an increase in layer thickness. These early
formed structures and their respective basin fill, were
uplifted during the formation of intermediate-A folds.
Troughs, limbs and crests of intermediate-A folds pre-
serve these previously formed structures. Intermedi-
ate-A fold troughs were then filled by more flood mate-
rial, resulting in further layer thickening. During for-
mation of long-A folds the previously deformed terrain
was again uplifted (and down warped), the troughs of
which were locally filled by flood material, locally
experiencing major flooding. During the latest stage of
surface evolution graben complexes, and similar trend-
ing fault scarps, cut all other structures, with late local
flooding in the troughs of some graben complexes.

The temporal relations and spatial orientations of
structures provide equally valuable information about
the evolution of the surface, and possible mechanisms.
The interpretation of the 2D bulk strain ellipses pro-
vide clues to how 2D bulk strain changed over time.
During “thin-layer-time” all six map areas record dif-
ferent orientations of local 2D bulk strain, consistent
with the interpretation that the early surface deforma-
tion recorded a high structural fluidity at a regional
scale. As the structural wavelengths increased with
time, the fluidity of the surface deformation decreased,
and the area deformed in a more coherent manner.
Overall the orientations, spatial relations and temporal
relationships of structural elements over the entire
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southern Tellus Regio map area depict: 1) layer thick-
ness increased over time, allowing for short-
wavelengths and ribbons to form early and then pro-
gressively increase wavelengths; 2) deformation and
flooding occurred broadly synchronously, locally pre-
serving early-formed structures and thickening the
layer over time; and 3) 2D bulk surface strain changed
over time, recording an early regional-scale variations
that record a sort of surface fluidity, which evolved to
a regionally consistent pattern, reflecting a change in
regional strength and coherence across the southern
Tellus Regio. This sequence of events calls for a high
geothermal gradient over the entire region that de-
creased over time. Even though the overall geothermal
gradient decreased over time, it has to be initially high
enough to allow for a sharp viscosity gradient beneath
the initial thin layer, and to remain hot enough to allow
low-viscosity material to fill structural lows [10, 21-
22]. In addition, a high geothermal gradient would
provide the surface with enough ductility to deform in
a fluid-like manner across the regional map area, as
evident in early 2D bulk strain ellipses. This fluidity in
structural elements ceased as the geothermal gradient
decreased and the layer thickness increased with time.

Evaluations of crustal plateau formation hy-
pothesis: The pulsating continents, mantle downwel-
ling and mantle upwelling formation hypotheses are
somewhat difficult to reconcile with the geologic evo-
lution documented herein and the implications for
southern Tellus Regio. On the contrary, the lava pond
hypothesis and, by the association the bolide impact
hypothesis, depicts an environment that creates similar
surface deformation and evolution as documented for
southern Tellus Regio.
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GEOLOGIC MAPPING OF THE NIOBE AND APHRODITE 1:10M MAP AREAS, VENUS: UPDATE
2013, INSIGHTS & IMPLICATIONS V. L. Hansen' and 1. L(')pezz, 1University of Minnesota Duluth, Duluth, MN

55812
Mostoles. Madrid (ivan.lopez@urjc.es).

Introduction: We are conducting a detailed and
comprehensive geologic, structural, and volcanic syn-
thesis of Niobe Planitia (0-57°N/60-180°E, [-2467),
Aphrodite (0-57°S/60-180°E, I-2476), and the imme-
diate surroundings, herein referred to as Niobe Map
Area and Aphrodite Map Area, respectively, and
Niobe-Aphrodite (NA), collectively. Geologic analysis
uses NASA Magellan S-band synthetic aperture radar
(SAR), altimetry data, gravity, and emissivity data [1].

Geologic mapping is compiled at 1:10 M-scale, al-
though results are informed, at least locally, by full-
resolution SAR data. To date we have focused map-
ping efforts on the delineation of suites of structural
elements, as opposed to identifying geologic units [e.g.
2]. The emerging structural patterns provide a critical
basis for identification of geologic units and tectonos-
tratigraphic packages [e.g. 3]. We present the results
to date of Niobe and Aphrodite map areas together
given that regional-scale patterns of structures emerge
across this broad region of Venus. We employ trajecto-
ries of structural element patterns to guide the audience
toward visualization of coherent patterns across the
entire NA. We summarize some first-order preliminary
results as they from on-going regional and detailed
geologic mapping; results are divisible into two major
groups: 1) insights, and 2) implications.

Insights for geologic mapping methodology: A
critical first step in mapping is delineation of the dis-
tribution and trends of different structural elements or
suites of structural elements, particularly in lowland
regions. For example, we recognize different suites of
wrinkle ridges from the most regional extensive suite
concentric to Artemis, defining a region >13,000 km in
diameter [4], to suites concentric to individual coronae,
to changes in wrinkle ridge trends spatially associated
with deformation belts. Wrinkle ridge patterns can also
be used to highlight or identify provinces of varying
mechanical anisotropy, as well as to record the relative
temporal evolution of regional-scale features, such as
deformation belts, and regional strain field associated
with spatially remote features, such as Artemis.

The regional distribution of suites of lineaments
can be used to infer the nature of surface burial, includ-
ing minimum spatial extent and thickness of cover
material. The nature of lineament suites (including
lineament character, spacing, length, etc.) can also
provide clues about the mechanical nature of deformed
cover material, even if the nature of material emplace-
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ment processes are elusive. Mapping of detailed struc-
tural elements may enable one to differentiate different
mechanical units, which may or may not, in turn, cor-
respond to geologic units.

Examples of structural reactivation are common,
and occur across a range of scales, highlighting the
important role that data resolution plays in both geo-
logic mapping and geohistory interpretation.

In several regions across Niobe-Aphrodite there
appears to be structural facies transition between suites
of lineaments, including: fractures, graven, pit chains,
and channels. Together these suites of structural ele-
ments may defined coherent patterns across regional
scales that provide clues about magmatic processes,
and might place limits on the subsurface patterns of
magmatic sources, and as such provide clues to mag-
matic processes.

Implications for geologic relations and evolu-
tion: Detailed geologic mapping over regional scales
leads to a host of emerging first-order observations
and/or implications for geological relations and general
evolutionary trends. Two major concepts emerge from
our mapping. 1) The structural tectonic elements pre-
served on the Venus surface record both incredible
details at the local level, and yet numerous tectonic
suites extend over incredibly large regions—areas that
would exceed the scale of continents on Earth. The
scale of both individual elements and suites of struc-
tures is truly remarkable. 2) Venus records an incredi-
bly rich surface history across the NA map area, and
by extrapolation, presumably across its entire surface
imaged by Magellan SAR. This recorded surface his-
tory likely greatly exceeds the nominal ~300-500 m.y.
typically ascribed to being recorded on Venus.

Detailed mapping of lowland ribbon tessera terrain,
Venus’s locally oldest recognize surface terrain [5]
reveals that RTT preserves (1) widespread coherence
in structural trends between kipukas preserved over
extensive regions, and, seemingly contradictory, (2)
regions marked by relatively sharp, spatially localized,
changes in structural fabric orientation. Similar pat-
terns emerge from detailed structural mapping of RTT
structural fabrics within, and along the margins of,
crustal plateaus [e.g. 6, A. Slonecker unpubl. map].

Detailed mapping of RTT structural fabrics also re-
veals that more than one episode of ribbon structure
formation may have occurred within some spatial loca-
tions, with relatively late formed suites of periodic



ribbon-like ridges and troughs displaying extremely
length:width aspect ratios.

A possible cousin of RTT, lineated terrain (LT),
marked by extremely penetratively-developed parallel-
lineaments, is commonly (but not in all cases) spatially
associated with lowland RTT. Unit LT (in some cases
corresponds to densely lineated plains [5]), is defined
as a terrain, rather than a material unit, given that it is
defined by structural elements, which clearly formed
after the material unit(s) fabric deformed [1]. Where
unit LT occurs adjacent to RTT, the lineament fabric
typically parallels one linear fabric trend in adjacent
RTT. In some cases LT wraps around adjacent RTT; in
other cases RTT and LT appear to represent grada-
tional structural facies of one another. Genetic rela-
tions between RTT and LT are a topic of future study.

Shield terrain [7,8]—possibly genetically related to
RTT and LT, occurs extensively across NA, and
broadly post-dates the formation of adjacent RTT and
LT, although lineaments parallel to RTT or LT fabric
elements locally cut individual shield structures, pre-
sumably the result of structural reactivation. The for-
mation of shield terrain remains elusive, yet critical to
understanding Venus evolution.

Geologic mapping to date across the Niobe map
area leads us to challenge the widely accepted proposal
that lowland RTT represents collapsed crustal plateaus
[9-12]. Although the structural fabric of RTT pre-
served in both crustal plateaus and lowland inliers is
similar, as noted in numerous published studies, we
have found no evidence and/or relationships that re-
quire lowland RTT to have once been elevated, or that
indicate lowland RTT exposures experienced tectonic
collapse. This point seems worth noting given that
mechanisms to accommodate crustal plateaus collapse
(to accommodate widespread RTT within the lowland)
have eluded modeling efforts to date [13-15]. Thus, it
is possible that lowland RTT inliers do not represent
remnants of crustal plateaus; that is, it is possible that
RTT inliers never resided in elevated regional-scale
plateaus. This point has implications for models of
both RTT and crustal plateau formation, and for Venus
evolution. As previously noted [15], RTT occurs
across the Niobe map area, including deep basins.

Detailed mapping of RTT reveals a possible new
type of structure, concentric ring graben complexes.
The best example to date is the structure we call the
Haasttse-baad Tessera ring complex (HBRC) [17-18].
These structures, which define parts of circular struc-
tures (diameters of 100s to 1000s of km), are defined
by steep-sided graben, mrked by singular scarps, which
together define nested concentric graben that cut large
lacks of lowland RTT. These structures are partially
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preserved, being visible in RTT fabric, and apparently
buried, or otherwise destroyed in the adjacent regions.

Map relations across a wide range of scales indi-
cates that at least across NA, Venus lacks thick (i.e.,
several km) regionally extensive burial; as a result, the
Venus surface preserves an extremely rich geologic
record, although delineating details of the local and
regional surface histories is a challenging undertaking.
As a related point, detailed mapping of fracture suites,
graben, pit chains, channels, and flows may provide
clues about geological mechanisms through which
regional-scale resurfacing processes occur.

Several regionally defined suites of wrinkle ridges
are emerging as a result of the mapping efforts. The
regionally most extensive suite is concentric to
Artemis (Artemis wrinkle ridge suite, AWRS), defin-
ing a suite >13000 km in diameter [4]. In northernmost
Niobe wrinkle ridge patterns differ from those of the
AWRS; the regional pattern of this suite is undefined
as it lies mostly north of the NA map area. The AWRS
generally postdates the formation of: lowland deforma-
tion belts (preserved in Niobe) and lowland circular
lows (isolated corona defined by circular topographic
lows [18]). Wrinkle ridge suites concentric to Bell Re-
gio and Eastern Eistla Regio, respectively, postdate the
formation of the AWRS.

The Diana-Dali coronae-chasmata chain preserves
a rich history of interaction with the spatially exten-
sively greater-Artemis structure. The deep chasmata
generally post-date the AWRS, with clear evidence of
regional truncation of AWRS trends, however, the
AWRS deforms some flows mapped as coronae-
related flows. Two north-trending coronae chains that
extend north of the Diana-Dali corona-chasmata chain
are deformed by, and thus predate formation of,
AWRS. Volcanic rise Atla Regio, which lies too the
east outside the map area, and forms the termination of
the Diana-Dali chain, clearly post-dates the AWRS, as
Atla-related flows bury AWRS structures.
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Introduction: Ribbon Tessera Terrain (RTT) con-
stitutes Venus’s locally oldest surface unit [1], al-
though globally not all RTT formed at the same time
[2,3]. Unit RTT, marked by a distinctive tectonic fabric
and high surface roughness, characterizes crustal pla-
teaus but also occurs as lowland inliers—widely inter-
preted as remnants of collapsed crustal plateaus [4-
5]. The RTT tectonic fabric commonly includes short-
to long-wavelength folds (1-50 km) that record layer
shortening, and orthogonal structures that record layer
extension, so-called ribbon structures; flooding ac-
companies all stages of RTT evolution [6-7]. Graben
complexes record the youngest deformation recorded
in RTT, typically postdating formation of adjacent
short- to long-wavelength folds and ribbons; graben
complexes show local embayment, in some cases
flooding marks intratessera graben, whereas in other
cases graben flood units might be contiguous with ad-
jacent lowland units, including shield terrain. Graben
complexes in RTT can define broad orthogonal pat-
terns [6], radial patterns [7], or parallel trends [9]. In
this work we present the mapping of a suite of concen-
tric ring graben that postdate, or formed during late
stages of, ribbon tessera structure formation in Haast-
tse-baad Tessera, northern Aphrodite Terra; we pro-
vide a initial review of possible forming mechanisms.

Data: Geologic analysis was carried out using
NASA Magellan S-band synthetic aperture radar
(SAR) and altimetry data [10]. Data include: 1) full
resolution (75-100 m/pixel) right- and left-illuminated
SAR); 2) Magellan altimetry (8 km along-track by 20
km across-track, ~30-m average vertical accuracy);
and 3) synthetic stereo images constructed after
[11]using NIH-Image macros developed by D.A.
Young. SAR data, obtained via USGS Map-a-Planet
website, was viewed in normal and inverted modes.

Description of the feature: The concentric ring
graben complex is partially located in Haasttse-baad
Tessera (Fig. 1). The composite structure, herein in-
formally referred to as the Haasttse-baad ring complex
(HBRC), is composed of a series of well-defined con-
centric, nested, arcuate troughs that cut local RTT
structures, and maintain a spacing of ~10-50 km [12].
These concentric graben differ from RTT graben com-
plexes in that the graben walls, or fault scarps, are sin-
gular structures, rather than suites of faults. In addition,
the concentric graben, although curved in planform,
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have significantly larger length:width ratios than gra-
ben complexes; concentric graben length depends on
the location of the graben, and the along-structure con-
tinuity—which is due, in part, to late flooding.
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Fig. 1. SAR images of the Haasttse-baad ring complex, with arrows

marking the positions of concentric graben; A) southern part; B)
SW-quadrant, note simple graben structure.

The HBRC, with a diameter >1000 km, is well-
defined within its southern half, which cuts Haasttse-
baad Tessera (Fig. 1A), but poorly defined in its north-
ern half, where RTT exposures occur only as isolated
kipukas in the lowland. Some late, possibly concentric
trough structures that cut RTT kipukas north of Haast-
tse-baad Tessera could be part of the HBRC, although
the isolated nature of RTT kipukas prevents clear de-
lineation of structural continuity. Concentric graben,
which vary in number and spacing, are best developed,
or preserved, in the SW and central sections of the
structure. In the SE section concentric graben are nar-
rower, discontinuous and are dissected by a suite of



NNW-trending graben that dominantly post-date for-
mation of the concentric graben suite. Previously
formed RTT structures in this section of Haasttse-baad
Tessera, topographically sited above the central and
west sections, also present different trends and degrees
of preservation—Ilikely also due to dissection by the
NNW-trending graben suite that dominates this area.

Modes of origin: Models proposed for the
formation of concentric ring graben structures ob-
served in other planetary bodies can be grouped as
related to magmatic (endogenic) and bolide impact
(exogenic) processes.

Endogenic models. Concentric suites of extensional
structures occur associated with coronae, widely ac-
cepted as the surface signature of magmatic mantle
diapirs. Coronae, which likely form by this mecha-
nism, occur mostly in chains, although lowland fea-
tures exist [13]; Coronae are, however, uncommon in
association with crustal plateaus, where the thickness
of the lithosphere is thought to inhibit a surface mani-
festation of mantle diapirs [14]. Thus the HBRC could
have formed after tessera lost subsurface support, or
perhaps never had subsurface support to exist as a
crustal plateau [15]; however, such coronae typically
destroy local RTT fabrics (unpubl. mapping). Addi-
tionally, some coronae may represent impact features
formed on thin lithosphere [16].

Similar suites of concentric fractures also occur, al-
though at a different scale, related to the formation of
volcanic calderas or paterae, wherein a crustal mag-
matic reservoir is depleted of magma, resulting in col-
lapse of the central block and formation of a downsag
caldera accompanied by formation of a concentric ring
complex [e.g. Ardnamurchan; 17].

Exogenic models. Similar structures, so called Val-
halla-type ring structures, preserved on Jupiter’s icy
satellites (e.g., Europa’s Callanish and Tyre craters;
Fig. 2), have been interpreted as multiring impact
structures formed by bolide impact in a thin elastic
layer that overlies a low-viscosity layer [18-20], which
is further underlain by a strong substrate [21]. The
number, spacing and morphology of the concentric
graben are related to thickness and strength of the elas-
tic layer and crater diameter [21-22].

Discussion: The HBRC differs in terms of mor-
phology and size to concentric graben suites formed by
endogenic processes. In the case of a corona-scenario,
HBRC would be a new class of coronae formed exclu-
sively on RTT. There is no evidence for volcanic mate-
rials spatially related to the HBRC as called for in the
emptying of a huge magmatic chamber prior to caldera
and volcanic ring complex formation.

On the other hand, formation of the HBRC as a
multiring impact basin on a strong layer marked by a
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thin elastic layer above a low-viscosity channel, has
strong implications for the geology and crustal struc-
ture of the target area, and therefore to the current de-
bate on the origin of both ribbon tessera terrain and
crustal plateaus. The possible recognition of a new
type of impact crater on Venus is also important for the
impact record and the geologic history of Venus.

Fig. 2. Tyre crater. Europa.

Conclusions: A large (>1000 km) ring graben
complex is located in Haasttse-baad Tessera, Venus.
Models for its formation include: a) endogenic origin
due to emplacement of a mantle diapir into earlier
formed RTT, or caldera collapse on a huge scale, pre-
viously unrecognized; and b) exogenic origin by bolide
impact on a crust that rheologically consists of a thin
elastic layer overlying a low-viscosity (semi-molten?)
layer above a strong substrate.
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Introduction: Significant progress has been made
on completing four high-resolution geologic maps in
west Candor Chasma (Fig. 1). One map entitled, “Bed-
rock Geologic and Structural Map Through the Central
Candor Colles Region of Mars” has been completed
and is currently in revision. Results of this mapping are
summarized in subsequent sections of this abstract.
The remaining three maps are in various stages of
completion, and these are planned to be submitted for
review by the end of the 2013 calendar year. The ma-
jority of the structural orientations have been measured
in the southwest Nia Tholus and central Candor Sulci
maps. Structural orientations are currently being meas-
ured in the Ceti Mensa map. The next steps for the Nia .
Tholus and Candor Sulci maps are to delineate unit Fig. 1. Locations of the map areas are outlined in red.

contacts. These units are allostratigraphic, and the
bounding unconformities have been largely identified. with 1-m post spacings and orthoimages were created
Thus these two maps should be completed by August, following [4]. Mapping was conducted exclusively
and submitted for review shortly thereafter. within the aerial extent of the DEM. Interpretations of
Summary of Candor Colles map: Candor Colles stratigraphic relationships and structure were checked
is a population of low, conical hills along the southeast for consistency with other outcrops in the Candor
flank of Ceti Mensa, in west Candor Chasma (Fig. 1). Colles/south Ceti Mensa region using adjacent HiRISE
Previous geologic maps of the area utilized the rela- and Context Imager (CTX) observations.
tively low-resolution Viking Orbiter photomosaics (20- Results: The oldest material exposed in the map
150 m/pixel). Geologic maps covering west Candor area is the volcanic rock that constitutes the south wall
Chasma were created at scales of 1:15,000,000 [1], 1: of west Candor Chasma. The Ceti Labes unit (CeL)
2,000,000 [2], and 1:500,000 [3]. consists of landslide deposits derived from the south
The geology of this area has been mapped for the wall of west Candor Chasma (Fig. 2).
first time at a scale of 1:18,000, using imagery and The Candor Colles unit (CaC) buries Ceti Labes.
stereo observations from the High Resolution Imaging Accumulation of unit CaC occurred within a deposi-
Science Experiment (HiRISE) camera. This mapping tional environment that was at a sufficiently low en-
effort employs high-resolution structural measure- ergy that the primary landslide textures of Ceti Labes
ments in order to 1) refine the previous unit boundaries were preserved. No facies change between the initial
in this area established by [2], 2) revise the local strati- and subsequent sediments of unit CaC is apparent at
graphy where necessary, 3) characterize bedforms to HiRISE resolution. Deposition was accompanied by
help constrain depositional processes, and 4) determine occasional erosional events and the formation of nu-
the styles and extent of deformation to better inform merous local unconformities, but this erosion did not
reconstructions of the local geologic history. cause extensive modification of unit CeL and appar-
Methods: The primary dataset is a pair of stereo ently did not result in the formation of fluvial channels.

HiRISE  observations, PSP 001641 1735  and Unit CaC was deposited in layers that show onlap and
PSP 002063 1735. A digital elevation model (DEM) offlap relationships with preexisting topography. Away
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Fig. 2. Synoptic cross-section through the map area. Location of this profile, A-B, is given in figure 1.
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from unconformities and deformational features, the
layers generally dip toward the south at ~10° or Iess.
Diagnostic fluvial and eolian bedforms at scales of one
meter or more are not observed. These findings are
consistent with recent interpretations that these depos-
its accumulated in a sabkha-like environment [5,6].

Unit CaC experienced soft-sediment deformation,
leading to formation of contorted bedding and injectite
megapipes (i.e., the Candor Colles) [7]. The lack of
breccia incorporated into this soft-sediment deforma-
tion indicates that unit CaC was poorly lithified at the
time of deformation. On Earth, soft-sediment deforma-
tion is typically the result of seismic shaking of water-
saturated sediments and is common in sabkhas [8].

Unit CaC experienced deformation along major
fault zones, which are now exhumed and exposed as
high-standing ridges. Crosscutting relationships indi-
cate that slip along these major fault zones was con-
temporaneous with the formation of the Candor Colles.
Thus, these fault zones are the most likely source of
the seismicity that drove the soft sediment deformation
within unit CaC. The down to the south displacement
directions of these fault zones is inconsistent with an
origin as chasma-forming faults, which would show
down to the north displacements in this part of the
chasma (c.f., [9]). Instead, their geometries are most
consistent with an origin through landsliding within
unit CaC. These fault zones are interpreted as the fail-
ure surfaces of landslides that displaced material of
unit CaC down toward the south.

The sense of landslide movement indicates that the
paleo-topographic slope of unit CaC dipped toward the
south at the time of landsliding. Therefore an ancient
geomorphic moat between the layered deposits and the
south wall of west Candor Chasma, analogous to the
present-day moat, existed here when the landslides
were active.

Deposition of unit CaC eventually ceased, and ero-
sion of this unit ensued, resulting in the development
of an upper bounding unconformity. On-lap relation-
ships with the overlying Ceti Mensa knobby unit
(CeMy) indicate that some of the landslide faults were
exhumed at this time as well. Unit CeL also appears to
have been re-exposed at this time, because the Ceti
Mensa knobby unit also unconformably overlies it.
The primary ~2-3-m-scale landslide textures of unit
CeL were preserved throughout this erosional episode.
Evidence of either fluvial erosion or marine regression
is not apparent along this unconformity.

Unit CeMy was then deposited on top of the re-
gional unconformity at the upper boundary of units
CaC and CeL. The onset of deposition occurred in an
environment where the sediments accumulated in lay-
ers that lap onto preexisting topography. As with unit
CaC, this depositional environment was at a suffi-
ciently low energy to preserve the primary landslide
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textures of Ceti Labes. Units CeMy and CaC exhibit
similar facies characteristics, suggesting that both units
were deposited in comparable sabkha environments.

Discussion: The subaerial environment within
which units CaC and CeM; are inferred to have accu-
mulated is consistent with the other inferred geologic
processes in the area. Topographically forced wind
circulation and eolian erosion is proposed to be the
cause of the moats surrounding the mounds of layered
deposits in impact craters elsewhere on Mars [10].
Thus an analogous process of eolian erosion within the
basin of west Candor Chasma is a plausible mecha-
nism for widespread erosion of these units and devel-
opment of the proposed paleo-moat and the present-
day moat. Such eolian excavation of this moat into unit
CaC is a credible process by which extensive, over-
steepened slopes could have developed and resulted in
landsliding.

The transition from deposition of unit CaC to de-
velopment of the paleo-moat, subsequent landsliding,
and regional erosion can be ascribed to either, or a
combination of, a change in wind regime, a decrease in
sediment supply, or diminished sediment trapping due
to lowering of the water table. This regime eventually
reverted to a state that favored sediment deposition,
allowing for the accumulation of unit CeMy. Unlike the
Candor Colles unit, major fault zones and soft sedi-
ment deformation are not observed within unit CeM,
possibly because landsliding or other seismic events
did not affect this unit while the local ground water

table was high.
Deposition of unit CeMy eventually ceased, and a
predominantly erosional environment reemerged.

Similar to the erosional event following deposition of
the unit CaC, this event was widespread, with no evi-
dence of a fluvial or marine component, and was at a
sufficiently low energy to preserve the primary land-
slide textures of Ceti Labes. Again, eolian erosion is
most plausible. This environment presumably persisted
into the present-day given the apparent lack of subse-
quent layered deposits in the area.

Future work: Once all four geologic maps are
completed, the collective results of this mapping effort
will be used to construct a revised geologic history for
west Candor Chasma.
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