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[1] The compositional, thermophysical and geologic characteristics of surface units in
Iapygia and Tyrrhena Terra (60°E–100°E, 0°–30°S) provide new insights into the
compositional stratigraphy of the region. Intercrater plains are dominated by two surface
units. The older unit (unit 1) is deficient in olivine and more degraded and likely consists of a
mixture of impact, volcanic and sedimentary materials. The younger unit (unit 2) is enriched
in olivine, exhibits a resistant morphology and higher thermal inertia, and likely represents
volcanic infilling of plains. Units 1 and 2 bear a strong resemblance to those previously
mapped in Mare Serpentis, a section of highlands crust located northwest of Hellas Basin.
Thus, the two major intercrater plains units are even more widespread than previously
thought and therefore likely constitute important components of Mars’ highland
stratigraphy. Many craters in the region contain high thermal inertia deposits (unit 3) that are
compositionally identical to unit 2. These may have formed via volcanic infilling or may
represent sedimentary materials that have been eroded from crater walls and lithified. Less
common units include olivine and/or pyroxene‐rich massifs and crater central peaks. These
are primarily found within Hellas Basin rim units and may represent mantle materials
brought toward the surface during the Hellas impact. Putative chloride deposits are primarily
associated with olivine‐deficient surfaces (unit 1) that may be heavily degraded occurrences
of unit 2. The observations raise a variety of questions related to Martian crustal evolution
and alteration that may have more widespread implications outside the study region.
Citation: Rogers, A. D., and R. L. Fergason (2011), Regional‐scale stratigraphy of surface units in Tyrrhena and Iapygia Terrae,
Mars: Insights into highland crustal evolution and alteration history, J. Geophys. Res., 116, E08005, doi:10.1029/2010JE003772.

1. Introduction
[2] Decades of observation have shown that the early
history of Mars was rich in geologic activity, including volcanic, aqueous, impact and aeolian processes. Data returned
from high‐resolution spectrometers show that the surface is
spectrally diverse at global, regional and local scales. Local‐
scale studies of mineral detections and bulk compositional
variations whose aims are toward understanding their formation environments and history are numerous and informative [see, e.g., Christensen et al., 2008; Murchie et al.,
2009, and references therein]; however, few studies have
tried to integrate high‐resolution compositional and stratigraphic information at a regional scale. To better understand the volcanic, sedimentary, and impact stratigraphy of
the southern highlands, we completed a comprehensive,
regional‐scale study of surface units in an area that may
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represent typical highland terrain: the adjoining Tyrrhena
and Iapygia Terrae regions (60°E–100°E, 0°–30°S).
[3] This area was chosen as the focus of this study
because it includes a large range of spectral and morphologic units that are found throughout the highlands and
includes both Noachian and Hesperian age surfaces. First,
a variety of local‐scale spectral units and spectral unit
suites have been identified throughout the southern highlands with Mars Odyssey Thermal Emission Imaging System [Christensen et al., 2004] (THEMIS) multispectral
data. These include olivine‐rich buttes, olivine/pyroxene‐
enriched intercrater plain surfaces, olivine‐deficient plains,
high‐silica surfaces, and probable chloride‐bearing deposits
[e.g., Bandfield, 2008; Bandfield and Rogers, 2008; Koeppen
and Hamilton, 2008; Osterloo et al., 2008; Rogers et al.,
2009]. Nearly all of the spectral unit types that are commonly observed in the highlands are found within the
Iapygia/Tyrrhena Terra region. Additionally, the region
contains both Noachian age cratered and dissected plains
and Hesperian age smooth units [Greeley and Guest,
1987] and also has a diverse set of morphologic features
including scarps, massifs, and high thermal inertia (rocky)
exposures. Finally, numerous identifications of hydrated silicate minerals have been reported using Mars Reconnais-
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sance Orbiter Compact Reconnaissance Imaging Spectrometer for Mars [Murchie et al., 2007] (CRISM) and Mars
Express Observatoire pour la Minéralogie, l’Eau, les Glaces
et l’Activité [e.g., Bibring et al., 2005] (OMEGA) data.
The most areally extensive units are located in Mawrth
Vallis and in Nili Fossae; however, many are found in the
Noachian highlands, including the Iapygia and Tyrrhena
Terra region [e.g., Mustard et al., 2008]. Characterizing the
bulk composition of the region provides a geologic and
compositional framework for interpreting hydrated silicate
detections.
[4] We focused on characterizing the composition, thermophysical properties, local context and geomorphology of
THEMIS spectral units in an effort to interpret their possible
origin. In order to identify significant events and/or geologic
processes that have been dominant in the region, we also
characterized the regional context, extent, and geologic
variability within these units as well as the stratigraphic
relationships between units. The observations were then
used to formulate a possible sequence of events. Finally, we
present a discussion of outstanding questions related to major
THEMIS signatures in the highlands, based on observations
presented here and elsewhere.

2. Data and Methods
[5] The THEMIS instrument consists of a 5‐band visible imager covering the spectral range between 0.43 and
0.86 mm, and a multispectral thermal infrared imager covering ∼6.78–14.88 mm in nine separate channels. The
nominal spatial resolutions of each sensor are ∼18 m/pixel
and ∼100 m/pixel, respectively. THEMIS visible images
were used for morphologic and relative albedo assessments.
THEMIS infrared images were used for analysis of spectral/
compositional variability and thermophysical properties.
In general, THEMIS daytime radiance and decorrelation
stretch (DCS) mosaics were first used to survey the region
and get a preliminary picture of surface units in the region.
Units were subdivided on the basis of spectral properties and
morphology at the km/pixel scale. Each spectral unit was
then further characterized using (1) THEMIS thermal inertia, (2) high‐resolution visible imagery from THEMIS, Mars
Global Surveyor Mars Orbiter Camera (MOC) (1.5–20 m/pixel)
[Malin and Edgett, 2001], and Mars Reconnaissance Orbiter
Context Camera (CTX) (∼6 m/pixel) [Malin et al., 2007]
images, (3) hyperspectral data from Mars Global Surveyor
Thermal Emission Spectrometer (TES) [Christensen et al.,
2001], (4) CRISM multispectral survey summary parameter
images (∼230 m/pixel) [Seelos et al., 2007], and (5) topographic information from the Mars Orbiter Laser Altimeter
(MOLA, data binned at 128 pixels per degree) [D. E. Smith et al.,
2001] and from the High‐Resolution Stereo Camera (HRSC,
nominal resolution of 10 m/pixel) [Jaumann et al., 2007].
2.1. THEMIS Multispectral Data
[6] Daytime radiance mosaics for all bands were created
for ∼5 to 10° square regions within the study area. These
mosaics were then decorrelation stretched (DCS) [Gillespie
et al., 1986] to highlight spectral variability in the region.
The band combination found to exhibit the most variability
for this study region is bands 8, 7, and 5 displayed as red,
green and blue, respectively; all DCS mosaics (a total of 14)
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were produced using this band combination. It should be
noted that unit color in DCS images depends on spectral
variability within the scene. Thus, to quantify the spectral
differences between units highlighted by the DCS mosaics,
surface emissivity spectra were retrieved from units of
interest using the methods of Bandfield et al. [2004]. Unit
color in DCS images cannot necessarily be used as a proxy
for similar compositions across all regions of Mars; only as
indicators of relative changes in composition within a scene.
However, because many of the surface units identified in
this study are present throughout the study region, the DCS
color associations tend to be a constant indicator of composition in this work. Mineralogical abundances for spectral
units identified with THEMIS were determined using TES
data (section 2.3).
2.2. THEMIS Thermal Inertia
[7] To assess thermophysical properties and morphologic
variations, THEMIS band 9 daytime radiance mosaics and
THEMIS thermal inertia mosaics were used. Thermal inertia
is defined as I = (krc)1/2, where k is the thermal conductivity, r is the bulk density of the surface material, and c is
the specific heat, and represents the resistance to change in
temperature of the upper few centimeters of the surface
throughout the day. Fine particles have a lower thermal
inertia, whereas higher thermal inertia surfaces are composed of sand, duricrust, rock fragments, exposed bedrock
or a combination of these materials. Many equally plausible
scenarios, such as mixtures of particles or the presence of
duricrust, can result in surfaces with moderate thermal inertias
and therefore additional data sets, such as high resolution
visible images, are used to further constrain the surface
characteristics. In this study, thermal inertia was particularly
useful for constraining the degree of variability in surface
properties within each unit, and also comparing and contrasting the physical properties between different units in the
study region.
[8] In this work, there were many separate locations
classified as the same unit based on spectral and/or morphologic properties. To understand both the typical physical
properties of each unit (5 units in total) and how these
properties vary within each unit, we sampled images within
each unit across the study area. We derived thermal inertia
values for 12 THEMIS images per unit with the exception of
unit 5 where we choose 1–2 images per instance. Images
used in this study were acquired primarily during seasons
with a heliocentric longitude of 150° to 325° to ensure warm
surfaces with high signal‐to‐noise ratio. The method of
Fergason et al. [2006a] was used to derive thermal inertia
values from THEMIS nighttime temperature data. Nighttime
temperatures only were used because the effects of albedo
and Sun‐heated slopes have mostly dissipated throughout
the night, and the thermal contrast due to differences in
particle sizes are at a maximum [e.g., Kieffer et al., 1973,
1977; Jakosky, 1979; Palluconi and Kieffer, 1981].
[9] The THEMIS nighttime temperatures were converted
to a thermal inertia by interpolation within a 7‐dimensional
look‐up table using latitude, season, local solar time,
atmospheric dust opacity, thermal inertia, elevation (atmospheric pressure), and albedo as input parameters. This
look‐up table was generated using a thermal model developed by H. H. Kieffer, which was derived from the Viking
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Table 1. Spectral Librarya
Reference
Number
ASU
ASU
ASU
ASU
ASU
ASU
ASU
ASU
1

ASU
ASU
ASU
2
ASU
ASU
ASU
ASU
ASU
ASU
3
3
3
3
4
ASU
5
4
6
6
7
8
9
ASU
ASU
10
ASU
ASU
11
11

Spectrum Label

Mineral Group

Quartz BUR‐4120
Microcline BUR‐3460
Albite WAR‐0235
Oligoclase BUR‐060D
Andesine WAR‐0024
Labradorite BUR‐3080A
Bytownite WAR‐1384
Anorthite BUR‐340
Shocked anorthosite
at 17 GPa
at 21 GPa
at 25.5 GPa
at 27 GPa
at 38 GPa
at 56.3 GPa
Bronzite NMNH‐93527
Enstatite HS‐9.4B
Hypersthene NMNH‐B18247
Average Lindsley pigeonite
Diopside WAR‐6474
Augite NMNH‐9780
Augite NMHN‐122302
Hedenbergite manganoan DSM‐
HED01
Forsterite BUR‐3720A
Fayalite WAR‐RGFAY01
KI 3362 Fo60
KI 3115 Fo68
KI 3373 Fo35
KI 3008 Fo10
Illite Imt‐1 < 0.2 mm (pellet)
Ca‐montmorillonite solid STx‐1
Saponite (Eb‐1) < 0.2 mm (pellet)
SWy‐1 < 0.2 microns (pellet)
K‐rich glass
SiO2 glass
Opal‐A (01–011)
Al‐Opal
Average Meridiani and Aram
Hematite (TT derived)
Anhydrite ML‐S9
Gypsum ML‐S6
Kieserite
Calcite C40
Dolomite C20
Crystalline heulandite
Crystalline stilbite

Quartz
Alkali feldspar
Plagioclase
Plagioclase
Plagioclase
Plagioclase
Plagioclase
Plagioclase
Plagioclase
Plagioclase
Plagioclase
Plagioclase
Plagioclase
Plagioclase
Plagioclase
Orthopyroxene
Orthopyroxene
Orthopyroxene
Low‐Ca clinopyroxene
High‐Ca clinopyroxene
High‐Ca clinopyroxene
High‐Ca clinopyroxene
High‐Ca clinopyroxene
Olivine
Olivine
Olivine
Olivine
Olivine
Olivine
Phyllosilicates
Phyllosilicates
Phyllosilicates
Phyllosilicates
Glass
Glass
Amorphous silica
Amorphous silica
Oxide
Sulfate
Sulfate
Carbonate
Carbonate
Zeolite
Zeolite
Zeolite

a
Mineral spectra are from the ASU spectral library available online at
http://tes.asu.edu [Christensen et al., 2000], except as indicated as alternate sources: (1) Johnson et al. [2002]; (2) Wyatt et al. [2001]; (3) Koeppen
and Hamilton [2008]; (4) Michalski et al. [2006]; (5) Michalski et al.
[2005]; (6) Wyatt et al. [2001]; (7) Michalski et al. [2003]; (8) provided
by M. D. Kraft; (9) Glotch et al. [2004]; (10) Baldridge [2007]; (11) Ruff
[2004].

IRTM thermal model [Kieffer et al., 1977] with several
modifications since then, the most significant being an
improved atmospheric component and the ability to model
radiatively coupled local slopes at any azimuth (H. H.
Kieffer, personal communication, 2010). Model parameters
appropriate for the THEMIS image and the measured
nighttime surface temperatures were then used to interpolate
the thermal inertia between these calculated look‐up table
node values. Interpolation was performed on a pixel‐by‐
pixel basis using season, latitude, and local solar time from
the spacecraft ephemeris. The remaining model input parameters were obtained from external data sets. The albedo of
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features in the THEMIS image was determined from TES
albedo data binned at 8 pixels per degree [Christensen et al.,
2001]. Elevation information was ascertained from Mars
Orbiter Laser Altimeter (MOLA) data [Zuber et al., 1992;
Smith et al., 1999; D. E. Smith et al., 2001] binned at 128
elements per degree. Finally, the opacity was approximated
by using a TES‐derived climatological database, in which
average opacity values for a given set of geographic
coordinates and season are stored [e.g., M. D. Smith et al.,
2001]. The relative accuracy of THEMIS‐derived thermal
inertia is ∼20% (for additional detail, see Fergason et al.
[2006a]).
2.3. TES Spectral Data
[10] The TES instrument was part of the Mars Global
Surveyor mission, which ended in 2006. The TES instrument consisted of three components: (1) a visible bolometer
measuring total solar reflectance between 0.3 and 2.9 mm,
(2) a thermal bolometer measuring thermal infrared radiance
between 5.1 and 150 mm, and (3) a Michelson interferometer measuring spectral radiance between 5.8 and 50 cm−1 at
a selectable spectral sampling of 5 or 10 cm−1 [Christensen
et al., 2001]. Bolometer measurements were used to obtain
albedo and thermophysical characteristics of the surface,
whereas the hyperspectral data were used to determine
compositional and particle size properties of the surface and
atmosphere. Atmospheric contributions to TES emissivity
spectra were removed by first fitting each spectrum with a
library of mineral spectra (Table 1) and atmospheric end‐
members [Bandfield et al., 2000a] using a linear least
squares minimization routine [e.g., Smith et al., 2000;
Bandfield, 2002]. Atmospheric components were then
scaled by their modeled concentrations and subtracted from
the measured spectrum to produce surface emissivity. Output from the least squares model also yields an estimate of
mineral abundance. For each surface unit identified from
THEMIS DCS mosaics, TES spectra were extracted from
several occurrences of each unit, and atmospherically corrected. TES spectra were used to estimate the average surface composition for each unit as well as the typical spectral
emissivity properties of each unit.
[11] TES spectral indices designed to map the strength of
particular spectral features were also used to determine
spatial variations in composition. Spectral indices highlight
variations in composition without depending on atmospheric
correction and spectral modeling methods. The drawback is
that absolute values of mineral abundance cannot be determined from spectral index mapping alone. In this work,
three TES spectral indices were used. The first two were
previously described and validated by Ruff and Christensen
[2007]. The 465 cm−1 index maps the strength of the slope
between ∼497–508 cm−1 and ∼466–476 cm−1. As described
by Ruff and Christensen [2007], 465 cm−1 index values are
high for surfaces containing elevated abundances of hematite and/or amorphous/poorly crystalline high‐silica phases
such as obsidian glass, amorphous secondary silica or
hydrated silica, zeolites, and some clays. The 530 cm−1
index maps the strength of the slope between ∼561 cm−1 and
∼518–529 cm−1. Index values are high for surfaces containing elevated abundances of olivine and/or aluminous
dioctahedral smectite clays. Ferric dioctahedral smectites
show weaker 530 cm−1 index values. A third spectral index,
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centrations of olivine, pyroxene, and hydrated minerals that
might be commonly associated with each unit.

3. Results

Figure 1. Type localities of units 1, 2, 3 and 5, centered at
62.2°E, 13.4°S, showing typical appearances in THEMIS
DCS 8‐7‐5 images, nighttime radiance, and spatial relationships. (a) THEMIS DCS radiance mosaic using bands 8‐7‐
5 displayed as red, green and blue. Solid line shows location
of THEMIS visible image shown in Figure 5. Small white
boxes mark locations of THEMIS spectra shown in Figure 7.
White arrow points to crater ejecta within unit 5 that is
spectrally similar to the underlying unit 2. (b) THEMIS
nighttime radiance mosaic.
referred to as the “507 cm−1 index,” was developed in the
course of this work. The 507 cm−1 index maps the emissivity
slope between 423 and 434 cm−1 and 497–508 cm−1 (TES
channels 27–28 and 34–35). As described in section 3.1, the
slope of this feature is affected by the abundance of olivine
and/or pyroxene on the surface, relative to plagioclase or
high‐silica phases.
2.4. CRISM Multispectral Survey Summary
Parameter Maps
[12] The CRISM project produces summary parameter
maps (∼230 m/pixel) from the multispectral survey data
(72 channels, 100–200 m/pixel) that map the strength of
spectral features associated with various Fe‐ and OH‐bearing
minerals [Seelos et al., 2007]. CRISM multispectral survey
data were used to search for spatially contiguous con-

[13] Five major surface units were identified in the region,
on the basis of spectral properties and geomorphology.
Intercrater plains surfaces are divided into units 1 and 2,
which are primarily distinguished from each other by their
olivine contents and resistant morphology in THEMIS data.
Unit 3 is spectrally and morphologically undistinguished
from unit 2, but occurs in crater floors rather than intercrater
plains. Unit 4 represents intracrater sand deposits found
within the region and is spectrally intermediate between unit
1 and units 2–3. Unit 5 is distinguished from units 1–4
primarily by its THEMIS spectral properties and is found
associated with a variety of morphologic features. Rare
and/or small‐scale units are also observed in THEMIS and
TES data and are described in section 3.6, but they are not
considered major surface units. The area shown in Figure 1
captures four of the five major spectral units present in the
study region. The average TES surface emissivity for the
five major units are shown in Figure 2, and typical THEMIS
surface emissivity for the units are shown in Figure 3.
Figure 4 displays derived major mineral abundances (olivine, pyroxene, feldspar and high‐silica phases) for individual occurrences of each unit. Feldspar and high‐silica phases
were combined in Figure 4, because when plotted individually they were not found to vary systematically between
units. Conversely, olivine and pyroxene are split from each
other because olivine appears to vary between units in more
of a systematic manner than pyroxene. Table 2 describes the
compositional, thermophysical and geologic properties of
each unit, as well as the number of occurrences used to
derive the scatterplots in Figure 4 and the spectral averages
in Figure 3.
3.1. Unit 1: Olivine‐Deficient Intercrater Plains
[14] Degraded intercrater plains surfaces in the study
region (Figure 1) are deficient in olivine relative to higher
thermal inertia, resistant intercrater plains (unit 2) (Table 2
and Figure 4). There is some variability observed in the
strength of the TES 465 cm−1 index within this unit, suggesting that high‐silica phase abundance is variable. The
variations in 465 cm−1 index do not correspond to any
geomorphic boundaries within the olivine‐deficient intercrater plains. Unit 1 typically appears pink or green in DCS
8‐7‐5 images. Numerous instances of crater ejecta are
spectrally indistinguishable from unit 1 (Figure 1); however, there are cases where crater ejecta exhibit higher TES
465 cm−1 index values (section 3.6) [see also Rogers, 2011].
[15] The plains appear dissected in some areas and lack
the resistant morphology (Figure 5) and higher thermal
inertia characteristics of the olivine‐enriched units. These
surfaces form the most extensive and oldest unit in the
region and likely include material formed from impact,
volcanic, and sedimentary processes [e.g., Malin, 1976;
Tanaka et al., 1988].
[16] The thermal inertia of this unit is consistent
throughout the study area, typically uniform, and ranges
from 200 to 380 J m−2 K−1 s−1/2, suggesting a surface that is
moderately to significantly indurated and likely has some
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enrichment in olivine for most occurrences of this unit.
Many occurrences also show higher TES‐derived abundances of pyroxene (Figure 4).
[18] In THEMIS multispectral data, unit 2 is primarily
distinguished from unit 1 by a strong absorption in band 7
(∼11 mm) relative to bands 5 (∼9.4 mm) and 8 (∼11.8 mm),
consistent with the olivine enrichment described above
(Figure 3). Using bands 8‐7‐5 as red‐green‐blue in the DCS
images, unit 1 typically appears greenish due to the higher
∼11 mm emissivity relative to unit 2. Conversely, the relatively low ∼11 mm emissivity in unit 2 causes an absence of
green in the decorrelation stretch, which results in a magenta
color for this unit. The strength of the ∼11 mm absorption
varies slightly across the region, however. In areas where

Figure 2. Average and 1s TES surface emissivity spectra
from the major units found within the study region. Table 2
gives the number of TES orbits and unit locations used in
each average. Global TES‐derived spectral end‐members of
Bandfield et al. [2000b] “TES surface type 1 and type 2” are
shown for comparison; in general, these bracket the typical
range of spectral variability on Mars. Units 2, 3, and 4 are
more similar to surface type 1 than surface type 2. Units 1
and 5 are similar to surface type 1 at low wave numbers
(<∼507 cm−1) and similar to surface type 2 at high wave
numbers (>∼830 cm−1). Dashed vertical lines show the two
spectral regions used to calculate the 507 cm−1 index. The
units show subtle distinctions from each other in the ∼430–
500 cm−1 range and the ∼875–1100 cm−1 range.
rocks or unconsolidated material on the surface. In defining
this typical thermal inertia range for this unit, crater rims,
ejecta, and interiors were intentionally avoided to obtain
information about the intercrater surfaces only. Crater rims
and areas near impact craters that likely contain ejecta (based
on proximity to the crater rim) commonly exhibit thermal
inertia values outside this range (as high as 460 J m−2 K−1 s−1/2
in one instance). Conversely, instances of unit 1 found in
interiors of craters commonly exhibit thermal inertia values
below this range.
3.2. Unit 2: Olivine‐Enriched Intercrater Plains
[17] Intercrater plains in the study region contain isolated
exposures of nighttime‐warm units (Figure 1) that appear
more resistant than surrounding units (Figure 5). In some
areas, these units embay higher‐standing features (Figure 6).
The resistant units are compositionally distinct from unit 1
in that they are enriched in olivine by ∼5% (Table 2 and
Figure 4). CRISM multispectral survey data corroborate the

Figure 3. THEMIS surface emissivity spectra from the
major units found within the study region. Spectra with italicized label font indicate that each spectrum represents the
average surface emissivity from a different unit location
within the study region. Some of the variability within each
set of spectra may be due to real surface variability; some
may also be due to slight overcorrection/undercorrection
for atmospheric components between individual THEMIS
images. Spectra with regular label font indicate average
spectrum from each set of spectra with italicized label font,
normalized to the average spectral contrast for all spectra.
Standard deviations are shown for the units where five or
more spectra were used to calculate the average. The average spectra from units 3 and 4 are not spectrally distinct
from the average unit 2 within the wavelength range covered
by THEMIS.
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Figure 4. Scatterplots of feldspar + high‐silica phase abundance versus (a) olivine, (b) pyroxene, and
(c) olivine + pyroxene, for individual occurrences of each unit. The average values for occurrences of
each unit are designated using the number of each unit (example: “1” = “unit 1”). The error bars represent
one standard deviation around the mean. Note that these average and error values differ slightly from
those in Table 2 because the unit averages in Table 2 represent mineral abundances calculated from
the average surface emissivity spectrum derived for each unit (Figure 2) rather than the average mineral
abundances derived from multiple locations within each unit. Using both averaging methods helps to
highlight and corroborate the major compositional differences between units.

Table 2. Geologic, Thermophysical and Compositional Characteristics of Major Spectral Units in Study Regiona
Modeled Mineral Abundancesb

Feldspar
Pyroxene
Olivine
High‐silica phases
Otherc
Number of TES
orbits used in
spectral average
Number of separate
locations used
in spectral average
Spectral properties

Typical color(s) in
THEMIS DCS
(8‐7‐5 band
combination)
Thermal inertia
(J m−2 K−1 s−0.5)
Other
characteristics

Unit 1
Olivine‐Deficient
Intercrater Plains

Unit 2
Olivine‐Enriched
Intercrater Plains

Unit 3
Olivine‐Enriched
Intracrater
Deposits

Unit 4
Intracrater
Low‐Albedo
Sand Deposits

Unit 5
Unique
Olivine‐Deficient
Surfaces

27 (4)
33 (3)
7 (2)
17 (5)
5
268

22 (4)
34 (4)
12 (2)
18(6)
15
56

26 (4)
32 (4)
13 (3)
14 (6)
15
22

27 (5)
28 (4)
13 (3)
16 (7)
15
13

32 (4)
29 (3)
6 (3)
19 (5)
15
9

65

24

11

6

3

Low TES 507 cm−1
index

High TES 507 cm−1 index; High TES 507 cm−1
index; similar
similar to unit 3
to unit 2

Low TES 507 cm−1 index;
Intermediate
low to intermediate
TES 507 cm−1
index
TES 465 cm−1 index;
higher emissivity
between 10.2 and
11.8 mm in THEMIS
spectra
Orange, pink
Yellow

Green, pink

Magenta

Magenta, green

200–380

240–410

240–620

165–195

220–365

Resistant morphology;
sometimes partially
covered/altered
with less mafic material;
edges of crater floors
commonly more mafic

Dune forms are
present in
some cases

Smooth appearance
in THEMIS IR
in some cases; found
associated with a variety
of morphologic features

Degraded and/or
Resistant morphology;
dissected morphlogy; sometimes partially
includes highstanding covered/altered with
features such as
less mafic material
crater rims and
massifs

a

Spectral/compositional properties not given for small‐scale units.
Statistical uncertainties on derived abundance are shown in parentheses.
c
Phases modeled below detection limits for all 5 units (sulfate, carbonate, hematite, quartz).
b
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Figure 5. Portion of THEMIS VIS image V27244006 of
olivine‐enriched (unit 2) and olivine‐deficient intercrater
plains surfaces (unit 1). Location is shown in Figure 1.
Note transition from resistant to degraded morphology that
corresponds with the spectral boundary in Figure 1.
the ∼11 mm absorption is slightly weaker, unit 2 appears
more red; in areas where the ∼11 mm absorption is slightly
stronger than average, unit 2 appears more blue. Within the
wavelength range covered by THEMIS, units 1 and 2 are
spectrally similar to the two major globally derived spectral
units defined with TES data by Bandfield et al. [2000b],
referred to as “surface type 1” (similar to unit 2) and “surface type 2” (similar to unit 1) (Figure 3).
[19] As described above, in THEMIS DCS 8‐7‐5 images,
unit 2 surfaces are usually magenta, reddish magenta or
bluish magenta. However, these units are commonly partially covered in some areas by slightly less mafic materials
which appear greenish yellow in THEMIS DCS 8‐7‐5
images (area C in Figure 1). The deposits are inferred to be
slightly less mafic on the basis of slightly higher emissivity
at ∼11–11.8 mm (Figure 7) [e.g., Lyon, 1965], similarity to
unit 1, and lower olivine parameter strength in CRISM data.
Because of the spectral similarity to unit 1, these overlying
deposits are not classified as a distinct spectral unit. These
deposits drape underlying topography (Figure 8) and excavated material from craters which impacted into these surfaces are spectrally similar to unit 2; both observations
suggest that the overlying deposits are not of substantial
thickness. Nighttime radiance values do not necessarily
correspond with the presence/absence of this material; in
some cases, it is decreased whereas in others it is
unchanged. This suggests that the deposits are of variable
thickness. The spectral differences between unit 2 and
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overlying deposits are not distinguishable in TES data in all
occurrences; however, in some cases, slight differences are
observed. The disconnect between TES and THEMIS data is
likely related to the differences in spatial resolution. With
THEMIS, hundreds of spectra can be isolated from these
deposits to increase the signal‐to‐noise ratio; with TES, only
a few spectra that cover these deposits can be averaged and
thus sometimes the deposits are not statistically distinguishable from the surrounding unit 2.
[20] Relative to olivine‐deficient, less resistant intercrater
plains (unit 1), the unit 2 occurrences exhibit a strong
negative emissivity slope between ∼430 and ∼508 cm−1
(Figure 9a). This is the most consistently distinct spectral
region for these two units, where the emissivity slope in this
range is controlled by relative olivine and/or pyroxene
abundance relative to plagioclase and/or high‐silica phase
abundance (Figure 9b). This spectral region is not significantly affected by atmospheric dust loading or changes in
atmospheric path length, and thus a spectral index that maps
the magnitude of that slope may be applied to emissivity
data with or without an atmospheric correction. An example TES 507 cm−1 index map is shown in Figure 10. Strong
507 cm−1 index values have a high spatial correspondence
with resistant, daytime‐cool/nighttime‐warm intercrater plains
units that appear magenta in THEMIS DCS 8‐7‐5 images. The
TES 507 cm−1 index, along with THEMIS DCS 8‐7‐5 images,
was used to locate all occurrences of olivine‐enriched intercrater plains (unit 2) (Figure 11).
[21] Typically, the thermal inertia of unit 2 appears mottled
(Figure 1), and ranges from ∼240 to ∼410 J m−2 K−1 s−1/2. In
general, the lower thermal inertia areas are associated with
the portions of unit 2 that have the overlying less mafic
deposits (described above). Conversely, areas that are free of
these overlying deposits have distinctly higher nighttime

Figure 6. THEMIS daytime radiance mosaic centered at
77.8°E, 6.8°S. Example of embayment relationship between
unit 2 and older, highstanding degraded plains materials
(unit 1, arrow).
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physically distinct materials on their floors but do not
exhibit a strong 507 cm−1 index value. These craters may
have been resurfaced by sediment derived from unit 1, or
may have been similar to other unit 3 occurrences but
chemically/mechanically altered to change the spectral signature. The thermal inertia signature could be preserved if
alteration or resurfacing affected only a thin surface layer,
because spectral measurements are sensitive to the upper
few hundred microns or less and thermal inertia is sensitive
to the upper few centimeters of material. In other cases, the
507 cm−1 index maps a wider area of material than is
thermophysically distinct from the surrounding surface; this
difference may be due to material that has mechanically
eroded from the floor or walls of the crater yet has the same
composition (example, Figure 7).
[24] The surface morphometry of these units and their
margins were examined for all occurrences where topographic information was publicly available from HRSC.
Though the unit 3 occurrences are relatively flat, in many
cases the margin appears to rise upwards and conform to the
lower portion of the crater wall (Figure 7). In fewer examples,

Figure 7. THEMIS surface spectra from areas shown in
Figure 1. Note that area C is spectrally similar to area B
but has thermophysical properties that are similar to area A.
Spectra are compared with the average unit spectra from
Figure 3 and with TES surface types 1 and 2 [Bandfield et al.,
2000b].
radiance values than the surrounding area (Figure 1). The
thermophysical boundaries of this unit commonly coincide
with the compositional boundaries. Rare instances where
thermal inertia boundaries do not obviously correspond with
areas highlighted by the 507 cm−1 index may be related to
local derivation of sediment (meaning, from rocks directly
underlying the sediment surface), which would lower the
thermal inertia within unit 2.
3.3. Unit 3: Olivine‐Enriched Intracrater Deposits
[22] Numerous craters in the region have shallow, relatively flat floors (gradient <1%) that commonly exhibit high
TES 507 cm−1 index values and are compositionally indistinguishable from the olivine‐enriched intercrater plains
(unit 2) (Table 2 and Figure 4). Figure 11 shows the distribution of crater floors with high TES 507 cm−1 index
values in addition to intercrater plains surfaces with high
index values. This unit typically appears magenta in DCS 8‐
7‐5 images.
[23] Unit 3 is always thermophysically distinct from the
surrounding plains surface and is typically some of the
highest thermal inertia material in the area. The thermal
inertia typically ranges from ∼240 to ∼425 J m−2 K−1 s−1/2,
but there are some instances where the thermal inertia is as
high as 620 J m−2 K−1 s−1/2. This broad thermal inertia range
likely indicates unconsolidated material present within the
crater that causes such variation in the thermal inertia. This
interpretation is confirmed by the presence of low albedo
surfaces with diffuse boundaries observed in CTX images,
suggesting the presence of a thin layer of unconsolidated
sand in portions of this unit. Some craters have thermo-

Figure 8. Portion of (top) THEMIS DCS mosaic and (bottom) THEMIS nighttime radiance mosaic from Figure 1,
draped over HRSC DTM (image ID: h0532_0000_DT4).
View is looking toward the northwest. Vertical exaggeration
is 4X. In Figure 8 (top), white arrows point to margins of
unit 3, which conform to the edges of the crater walls
(arrows are pink in Figure 8 (bottom)). Note that the unit
margin is lower thermal inertia (lower nighttime radiance)
than the interior of the unit (see sections 3.3 and 4.1.3 for
details). Black arrow (cyan in Figure 8 (bottom)) points to
less mafic deposits which overlie unit 2.
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the margin of unit 3 stops short of the crater wall, and forms
one side of a trough with slump material from the crater wall
(Figure 12). A random survey of ∼10 craters shows that unit 3
surfaces (the crater floors) are shallow relative to the crater
diameter. For the examples studied, crater floor depths ranged
from ∼500 to 1200 m for crater diameters of ∼35 to 75 km,
resulting in depth/diameter ratios <0.027. Using the depth/
diameter relationships for relatively fresh Martian complex
craters (>8 km) established by Garvin et al. [2000] and D. E.
Smith et al. [2001], these craters likely had depths ranging
between ∼2 and 3 km and depth/diameter ratios between
0.038 and 0.052 at the time of completion of the crater
modification stage (stages described by French [1998]). The
measured present‐day crater floor depths imply that an extra
∼1–2 km of material overlies the fallback breccias and impact
melts which formed the original floor of these craters.
[25] As described for unit 2, many exposures of unit 3
contain overlying deposits that can exhibit a lower thermal
inertia and that are spectrally similar to the olivine‐deficient
intercrater plains (unit 1) (Figures 13 and 14). These deposits
tend to be concentrated at the center of the crater floor,
resulting in a “ring” pattern (Figure 14). In many cases, the
rings represent the slightly steeper or raised edges of the crater
floor where rockier, olivine‐enriched material is exposed
(white arrow in Figure 12).

Figure 9. (a) Average TES emissivity spectra of olivine‐
enriched and olivine‐deficient intercrater plains from
Figure 2. These units are primarily distinguished in the
∼900 cm−1 and 450 cm−1 regions. The ratio of average
emissivity in TES channels 27–28 and 34–35 was used to
develop the “507 cm−1 index.” High values of the index
indicate a sharp decrease in emissivity between ∼430 and
∼500 cm−1, which is characteristic of the olivine‐enriched
intercrater plains. (b) Effect of addition of olivine/pyroxene
or subtraction of plagioclase/high‐silica phases from typical
intercrater plains materials (e.g., unit 1). The 507 cm−1 index
value (ratio of TES channels 27–28 to 34–35) is increased
with (1) increased olivine and/or pyroxene or (2) decreased
plagioclase and/or high‐silica phases. Solid black spectrum
is offset by +0.01 emissivity for clarity.

Figure 10. A TES 507 cm−1 index map centered at 72.2°E,
11.4°S. High values of the index have a close spatial correspondence with daytime‐cool intercrater plains surfaces
(unit 2) and consolidated intracrater deposits (unit 3) in
the study region.
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Figure 11. Locations of olivine‐enriched intercrater plains
(unit 2) and crater floors (unit 3) based on the TES 507 cm−1
index. Volcanic plains from Syrtis and Hesperia Planums
are excluded from the mapping effort. The base image is
TES albedo overlying MOLA shaded relief. The northeast
corner of the study region is affected by surface dust (brighter
area).

values (>0.98) [Ruff and Christensen, 2002] and low albedo
(<0.11). TES spectra of these sand deposits indicate that,
compositionally, they are similar to olivine‐enriched intercrater plains and crater floors (units 2 and 3) (Table 2 and
Figure 4), with perhaps a slightly higher abundance of
feldspar and/or high‐silica phases (Figure 4). Spectrally, the
507 cm−1 feature is not as strong (Figure 2), suggesting
that this unit is intermediate between unit 1 and units 2–3.
Intracrater sand compositions do not vary significantly within
the study region.
[27] Many of the sand deposits are sufficiently small that
THEMIS thermal inertia pixels include mixtures of sand and
the surrounding, often higher thermal inertia, crater floor
material. However, some sand deposits are larger and form
dunes. These dunes have the lowest thermal inertia in the
unit, and the thermal inertia of these materials are likely
representative of the sand alone and have the least amount of
subpixel mixing. It is these examples that we have used to
define the thermal inertia of this unit. The thermal inertia
ranges from ∼165 J m−2 K−1 s−1/2 to ∼195 J m−2 K−1 s−1/2,
which corresponds to fine sand, and is within the range of
thermal inertia values derived at the MER‐A and MER‐B
landing sites for intracrater bed forms [Fergason et al.,
2006b] and bed forms observed from orbit [e.g., Edgett
and Christensen, 1991, 1994; Fenton et al., 2003].

3.4. Unit 4: Intracrater Sand Deposits
[26] Intracrater sand deposits were identified using THEMIS DCS and visible images. Sand deposits typically
appear as bright pink or orange in DCS 8‐7‐5 combinations,
are dark toned, and commonly contain dune forms or ripple
morphologies (Figure 15). These deposits are relatively free
of dust, as indicated by high 1350–1400 cm−1 emissivity

3.5. Unit 5: Unique Olivine‐Deficient Surfaces
[28] Some surfaces appear bright yellow in THEMIS DCS
8‐7‐5 mosaics (Figures 1 and 16) and commonly have a
relatively smooth, featureless appearance in THEMIS IR
images. Higher resolution images from CTX, available for
two occurrences, show a smooth, featureless surface (Figure 17).
Occurrences of unit 5 are shown in Figure 18. A similar
spectral unit was also observed within an alluvial fan com-

Figure 12. (a) THEMIS DCS mosaic centered near 67.7°E, 3.5°S showing two exposures of unit 3
material. White dashed line shows location of Figure 12b. (b) THEMIS DCS mosaic draped over HRSC
DTM (image ID: h1968_0000_DT4). View is looking toward the north. Vertical exaggeration is 5×.
White arrow points to strong unit 3 signature which corresponds with a topographic “bench” around
the margin of the unit. Black arrow points to trough which is bounded on one side by unit 3 and on
the other side by debris/talus from the crater wall.
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plex in the study region by Williams et al. [2011]. A HiRISE
scene over the alluvial fan spectral unit shows a rugged,
pitted texture [Williams et al., 2011, Figure 2].
[29] Unit 5 appears to be associated with a variety of
geomorphic surface types. Aside from the alluvial fan
complex, unit 5 is found associated with isolated buttes/
massifs (Figures 16 and 19), on talus materials eroded from
unit 1 (example, Figure 19), as well as in smooth surfaces
overlying units 1, 2, or 3. The boundaries of these units are

Figure 13. (a) THEMIS DCS 8‐7‐5 radiance mosaic showing olivine‐enriched crater floor (unit 3) that contains a
smaller crater with different spectral properties in THEMIS.
The smaller crater floor surface is ∼15 m higher in elevation
than the larger crater floor surface. (b) THEMIS spectra
from areas shown in Figure 13a compared with average unit
spectra from Figure 3 and with TES surface types 1 and 2
[Bandfield et al., 2000b]. The smaller crater surface (area 3)
is more similar to area 1 (unit 1) than area 2 (unit 2).

Figure 14. Example (centered at 66.1°E, 3.1°S) of flat‐
floored crater with “ring” pattern of lower thermal inertia,
less mafic material surrounded by higher thermal inertia,
olivine‐enriched material. (a) THEMIS DCS 8‐7‐5 radiance
mosaic. (b) THEMIS surface emissivity spectra from areas
shown in Figure 14a, compared with the average unit spectra
from Figure 3 and with TES surface types 1 and 2 [Bandfield
et al., 2000b]. Area 1 is spectrally similar to unit 1, whereas
area 2 is spectrally similar to unit 2.
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Figure 15. Example intracrater sand deposit, centered at 98.0°E, 14.6°S. (a) THEMIS DCS mosaic,
bands 8‐7‐5 as R‐G‐B. (b) Portion of MOC NA image within deposit.
relatively distinct, suggesting that they are true geomorphic
units rather than sediment easily transported by saltation.
[30] The unit 5 spectral average is compositionally
indistinguishable from olivine‐deficient intercrater plains
(unit 1) (Table 2), but there is high variability in the derived
mineral abundances from individual occurrences. In general,

the unit is deficient in olivine and pyroxene relative to units
2–3 but within the range of olivine and pyroxene abundance
of unit 1. Feldspar and/or high‐silica phase abundances may
be slightly higher in unit 5 as well (Figure 4). The unit
clearly has a distinct spectral signature in THEMIS, with
higher emissivity in bands 6–8 (Figure 3). With one excep-

Figure 16. Examples of olivine‐rich outcrops, olivine‐enriched (unit 2) and olivine‐deficient (unit 1)
intercrater plains, and unique olivine‐deficient surfaces (unit 5) in THEMIS DCS radiance mosaics, using
bands 8‐7‐5 displayed as R‐G‐B. (a) Mosaic centered at 63.0°E, 21.6°S. White arrows point to olivine‐
rich outcrops; black arrows point to unique olivine‐deficient surfaces (unit 5). Dashed box outlines location of Figure 17b. (b) THEMIS surface spectra from areas indicated in Figure 16a compared with TES
surface types 1 and 2 [Bandfield et al., 2000b] and an olivine spectrum.
12 of 24

E08005

ROGERS AND FERGASON: GEOLOGY OF TYRRHENA TERRA, MARS

E08005

Figure 17. (a) Portion of CTX image P11_005460_1667_XI_13S294W, centered at 65.4°E, 14.8°S,
showing textural appearance of unit 5. (b) Portion of CTX image B17_016246_1593_XN_20S297W,
centered at 62.5°E, 22.2°S, showing textural appearance of unit 5. Image location is shown in Figure 16.
tion, these surfaces do not exhibit high (>1.01) 465 cm−1
index values and are generally not spectrally distinguished
from unit 1 in TES data (Figure 2). As described in section 3.1,
the disconnect between TES and THEMIS spectral distinctions is likely related to the differences in signal‐to‐noise ratio
achieved with THEMIS spectral averages compared to TES
spectral averages. The THEMIS signature of unit 5 is consistent with either a slight enrichment of high‐silica phases or
simply a more felsic lithology [e.g., Lyon, 1965] (meaning
higher plagioclase/(pyroxene+olivine) ratio) relative to units
1 and 2. There are no apparent pyroxene, olivine or hydration
signatures associated with this unit in CRISM multispectral
survey data.
[31] The thermal inertia of this unit ranges from ∼220 to
∼365 J m−2 K−1 s−1/2. It is typically thermophysically distinct from the surrounding region, but only by a slight
amount (∼40 J m−2 K−1 s−1/2 higher than surroundings). As
with its geomorphic associations, the thermal inertia characteristics are not consistent between exposures. In some
cases the unit is thermophysically uniform, whereas in
others, patches of higher thermal inertia materials are mixed
within this unit at 100 m scales.
3.6. Rare or Small‐Scale Units
[32] Several units were observed in THEMIS DCS 8‐7‐5
mosaics or in TES 507 cm−1 index maps that are either
isolated occurrences, too small to be resolved in TES data,
or already described elsewhere. These include: olivine‐rich
outcrops and crater central uplifts, a pyroxene‐enriched
isolated massif, and likely chloride deposits [Osterloo et al.,
2008]. Olivine‐rich outcrops have a stronger spectral
absorption at ∼11.0 mm relative to olivine‐enriched intercrater plains and crater floors (units 2 and 3) and typically
appear bright purple in THEMIS DCS 8‐7‐5 mosaics
(Figure 16). These outcrops are identified as olivine‐rich on
the basis of THEMIS and CRISM spectral properties;
additionally, some of the larger outcrops can be identified in
16 pixel‐per‐degree TES olivine index maps [Koeppen and
Hamilton, 2008]. A few crater central uplifts were observed

to exhibit a color difference from the olivine‐deficient
intercrater plains (unit 1) in THEMIS DCS images (example, Figure 20). In the example shown, TES, THEMIS, and
CRISM data all confirm that the central uplift and parts of
the crater wall are enriched in olivine.
[33] An isolated massif in the southeastern corner of the
study region was observed to have very strong TES 507 cm−1
index values but did not appear magenta in THEMIS DCS 8‐
7‐5 images, unlike the olivine‐enriched intercrater plains
(unit 2). The TES surface emissivity spectra show a unique
shape that is consistent with >50% low‐Ca pyroxene
(Figure 21). The low‐Ca pyroxene identification is corroborated in CRISM multispectral survey data.
[34] Hundreds of likely chloride‐bearing units have been
identified in the Martian highlands using THEMIS DCS
images; the spectral properties and chloride interpretation of
these units are described in detail by Osterloo et al. [2008,
2010]. Several likely chloride deposits are found within the

Figure 18. Locations of unique olivine‐deficient units
(unit 5).
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Figure 19. Examples of unit 5 associated with an isolated massif (area 3) that is embayed by unit 2 (area 2),
and with talus material (arrows) eroded from a scarp within unit 1 (area 1). (a) THEMIS DCS 8‐7‐5 image
centered at 77.5°E, 11.0°S. (b) THEMIS surface emissivity spectra from areas shown in Figure 19a, compared with average THEMIS surface emissivity spectra from Figure 3 and with TES surface types 1 and 2
[Bandfield et al., 2000b].
study region [Osterloo et al., 2010], all overlying areas
mapped as unit 1. A few of the chloride deposits were
selected for retrieval of thermal inertia; these occurrences all
exhibit a higher thermal inertia than the immediately surrounding terrain (90–170 J m−2 K−1 s−1/2 difference). The
thermal inertia values are consistent throughout this unit and
range from ∼420 to ∼480 J m−2 K−1 s−1/2, exactly within the
range reported by Osterloo et al. [2010]. Interestingly,
though the unit 1 surfaces associated with the chlorides
exhibit low 507 cm−1 index values and relatively low thermal inertia values (typical of unit 1), the morphology does
appear more similar to that of unit 2, and in most cases there
is a hint of the magenta color in THEMIS DCS 8‐7‐5
images that is typical of unit 2 (example, Figure 22). It is
possible that these areas are more heavily altered versions of
unit 2, such that the TES spectral characteristics typical of
unit 2 are no longer present. It is not clear if this observation
is relevant to the formation mechanism of the likely chloride
deposits.
3.7. Other Surfaces of Interest: Thermally Distinct
Crater Ejecta
[35] Most craters in the region have been heavily
degraded from burial or erosion. Commonly the ejecta
blankets are not discernible in visible images, but are in
some cases apparent in nighttime radiance images. Dozens
of craters are observed to have thermally distinct ejecta
blankets in THEMIS nighttime radiance images (Figure 23)
[Rogers, 2011]. The preservation of the thermal contrast
between the ejecta and surrounding material suggests that
the ejecta have not been entirely obscured or homogenized
with regionally derived sediment. Indeed, approximately
35% of these thermally distinct craters exhibit a spectral

difference from target materials; the spectral difference is
consistent with an increase in plagioclase or high‐silica
phases relative to pyroxene in the exposed ejecta, relative to
target surfaces [Rogers, 2011]. The compositional pattern
may be due to vertical crustal variations in primary lithology, subsurface alteration exposed by impact, synimpact or
postimpact alteration of shocked or vitrified materials, or
because the target materials have experienced light surficial
alteration and the impact exposed less altered materials.
Observations and interpretations of these craters are
described in detail by Rogers [2011].
3.8. Spatial, Stratigraphic, and Compositional
Relationships
[36] Olivine‐enriched intercrater plains units (unit 2) and
crater floor materials (unit 3) are inferred to be younger than
surrounding olivine‐deficient plains. This is because they
appear less degraded, with a resistant morphology (Figure 5),
and less heavily cratered. In some areas they appear to
embay degraded crater plains materials (Figure 6), also
suggesting that they were emplaced on top of the degraded
plains. Craters which impact into unit 2 can have ejecta with
spectral properties that are similar to the target surface; but
most commonly, crater ejecta are spectrally similar to unit 1.
Assuming that the craters with unit 1‐like spectral properties
represent excavation of unit 1 from underneath unit 2, the
diameters of these craters can be used to place thickness
constraints on unit 2. Some craters as small as 1 km located
within unit 2 were observed to have unit 1‐like spectral
properties; conversely, some craters as large as 5 km located
within unit 2 were observed to have unit 2‐like spectral
properties. The amount of stratigraphic uplift experienced by
target rocks during impact can be approximated as one tenth
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Figure 20. Example of spectrally unique crater central peak and crater wall. (a) THEMIS DCS mosaic
(8‐7‐5 as R‐G‐B) centered at 75.9°E, 26.6°S. Boxes indicate locations of average spectra in Figure 20c.
(b) CRISM olivine index overlain on THEMIS daytime radiance mosaic. (c) THEMIS surface emissivity
spectra from the central peak, two locations on the crater wall, and olivine‐deficient intercrater plains just
north of image boundary. (d) TES surface emissivity spectra and derived plagioclase/pyroxene and olivine/
(pyroxene + plagioclase) ratios from the central peak and the olivine‐deficient intercrater plains.
the final crater diameter [French, 1998], which places an
upper limit on the original depth of materials in the ejecta
blanket. Based on the observation that craters as large as
5 km were observed to have unit 2‐like spectral properties
and craters as small as 1 km commonly have unit 1‐like
spectral properties, unit 2 is estimated to vary between <100
and <500 m thick. This estimate is consistent with thickness
estimates for Noachian and Hesperian volcanic plains
(∼140–240 m thick), which were derived using independent
means [e.g., Greeley and Schneid, 1991].
[37] Unit 5 is found overlying units 1, 2 and 3; however,
the relative age for all occurrences of this unit is not well
constrained. In many cases unit 5 is found in association
with only one of the other units, thereby constraining its age
only relative to the unit it overlies in that particular area. In
other words, the stratigraphic position of unit 5 is not constrained on a regional scale.

[38] As described above, putative chloride deposits are
found overlying unit 1 but never found in association with
units 2, 3 or 5. However, as described in section 3.6, the
surfaces that host the chloride units bear strong resemblance to
unit 2 in morphology and THEMIS DCS images (Figure 22),
despite the lack of a strong TES 507 cm−1 index value, and
may be degraded occurrences of unit 2. The lack of chloride
deposits on crater floors or on unambiguous unit 2 type surfaces is interesting; however, the rarity of their occurrence in
general precludes any meaningful inference for the origin or
environmental conditions required for the chloride deposits.
[39] Phyllosilicate‐bearing surfaces, inferred from mapping 2.3 mm depth from CRISM multispectral summary
products (the D2300 parameter; see Rogers [2011] for a map
of D2300 detections in this region) are confined to two
major subregions within the study area. In the northeast
portion of the study region, elevated D2300 parameter values
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Figure 21. Unique, pyroxene enriched massif near 98.7°E, 23.0°S identified from very high TES 507 cm−1
index values. (a) THEMIS daytime radiance mosaic of massif. (b) TES 507 cm−1 index map (index scale
bar is the same as in Figure 10). (c) TES surface emissivity spectra from the massif, derived from two
different orbits (dashed), compared with average emissivity spectra from the olivine‐enriched intercrater
plains and crater floors (units 2 and 3).
are mostly found in association with crater materials (ejecta,
walls, rims or central uplifts), as also reported by [Mustard
et al., 2008]. Some of the phyllosilicate‐bearing craters are
as small as 2 km in diameter. A few detections were also

identified in unit 1, in a low‐lying valley rimmed by dissected surfaces near 88.6°E, 5.0°S. In the southwestern part
of the study region, elevated D2300 parameter values are
found within unit 1 and are associated with buttes, crater

Figure 22. Examples of probable chloride deposits in THEMIS DCS radiance mosaics, using bands 8‐7‐5
displayed as R‐G‐B. (a) Mosaic centered at 91.8°E, 18.6°S. Black arrows point to likely chloride‐bearing
units mapped by Osterloo et al. [2010]. White arrows point to margin of material which is similar to unit 2 in
morphology and thermophysical properties but does not exhibit a strong TES 507 cm−1 feature and thus
was mapped as unit 1. This material may represent a modified version of unit 2. (b) THEMIS spectra from
Figure 22a, compared with average unit spectra from Figure 3 and with TES surface types 1 and 2
[Bandfield et al., 2000b].
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4.1.2. Unit 2
[41] Olivine‐rich intercrater plains units (unit 2) are interpreted to be primarily volcanically emplaced, based on
embayment relationships (Figure 6), large extent of individual occurrences (suggesting that an impact origin is
unlikely), relatively resistant morphology and higher thermal inertia. The lack of a clear sedimentary source region for

Figure 23. THEMIS nighttime IR radiance mosaic centered
at 86.7°E, 9.5°S. Arrows point to craters with ejecta that show
a thermal contrast from underlying target materials.
rims, and plains materials within the northern rim of Hellas
Basin. These locations were also described by Poulet et al.
[2005] and Crown et al. [2010]. Because the phyllosilicate
minerals are associated with a variety of surfaces, and because
only the lower resolution data were examined for this study
(meaning, smaller detections might have been missed), it is
difficult to draw meaningful implications about the origin of
these minerals. Detailed, high‐resolution studies of the individual phyllosilicate detections [e.g., Seelos et al., 2010] are
needed to better constrain their origin.

4. Discussion
4.1. Geologic Origins of Observed Units
4.1.1. Unit 1
[40] The degraded intercrater plains (unit 1) likely consist
of a variety of materials including impact breccias, volcanic
materials, and sediments [e.g., Tanaka et al., 1988]. Based
on superposition relationships, they are the oldest units in
the region. However, the surface of the unit likely continues
to be modified through aeolian, impact and possibly water‐
limited chemical alteration processes. The degraded plains
units are likely altered to some degree, primarily on the basis
of the presence of high‐silica phases (∼15%) [e.g., Michalski
et al., 2005], but also on the observation that the plains are
heavily degraded, suggesting extensive mechanical and/or
chemical processing that would likely lead to some degree
of compositional modification (e.g., mineral‐specific comminution [Horz et al., 1984] or preferential mineral dissolution [Tosca et al., 2004]). It is not clear whether the
primary lithology of unit 1 was deficient in olivine (relative
to unit 2) or whether olivine has been depleted through these
later modification processes. This question is discussed in
detail in section 4.4.

Figure 24. Cartoon depiction of the proposed sequence of
events for units 1–3. The proposed sequence is as follows:
Impacts (b) into ancient highlands surface (a) formed a cratered surface with intercrater plains. Portions of the intercrater
plains and some crater floors are later resurfaced by volcanic
infilling (c). These materials are enriched in olivine relative to
the older units. It is unclear how much of the compositional
difference between the two units is due to alteration of the
older unit and how much is due to a primary difference in
crust‐forming magma compositions. During and after the
emplacement of units 2 and 3, impacts continue to form crater
ejecta (d) which partially bury the margins of older units.
Some of these later impacts exposed unit 2 materials in
the crater walls, which later eroded to partially fill some crater floors (e). Impacts into unit 2 excavate unit 1‐like compositions from beneath (f); smaller impacts into unit 2 only
expose unit 2 materials in their crater ejecta (g). Portions
of unit 2 either are altered to become less mafic and similar
to unit 1 or are covered with sediments derived with unit 1
(h). Unit 4 is a surficial unit only and therefore is not included
in this diagram. The origin of unit 5 is poorly constrained and
thus is also not included (see text).
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the required volume of olivine‐enriched sediment likely
precludes a dominantly sedimentary origin, though it may
explain some occurrences of this unit. The morphologic
similarities between the various occurrences of unit 2 suggest that they were likely emplaced nearly contemporaneously, which would imply relatively widespread magmatism
that postdates the formation of the primary crust. It is
unclear how magma could be distributed over such a large
area; however, widespread magmatism has been invoked for
similar‐ or larger‐sized areas for Hesperian ridged plains
[Head et al., 2002], formation of chaos terrain and Vallis
Marineris troughs [e.g., Sharp, 1973; Carr, 1974; Chapman
and Tanaka, 2002], and a probable exposed dike system
over 600 km in length [Head et al., 2006]. The heavily
cratered nature of the crust in this region, including the
Hellas impact basin, might have produced extensive subsurface fracture systems that intersect and perhaps enabled
magma ascent.
4.1.3. Unit 3
[42] Resistant materials found on the floors of many craters (unit 3) are more difficult to interpret because of the
geologic setting; the materials could represent volcanic infilling,
lithified sediments, or perhaps impact melt and/or impact
breccia. McDowell and Hamilton [2007] report observations
of similar, resistant materials in Margaritifer Terra craters
and evaluate the same three scenarios above. They rule out
impact melt primarily on the basis of the depth of the crater
floor relative to the crater diameters; the relationships suggest extensive infilling that likely would have buried any
impact melt in the floor of the craters. In our study region,
crater floors that host unit 3 are similarly shallow for their
respective diameters (section 3.3), suggesting that impact
melt and/or fallback breccia is an unlikely explanation.
Sedimentary infill from surroundings is possible, but the
composition is distinct from the surrounding dominant surface unit, unit 1. One would expect sediments to be primarily composed of the most areally abundant or most
degraded surface unit (unit 1 in both cases), or at least be a
mixture of the two most abundant surface units (units 1 and 2).
Rather, the unit 3 crater floor interiors are spectrally indistinguishable from unit 2 and spectrally distinct from unit 1.
The topographic characteristics of unit 3 surfaces (Figures 7
and 12) are puzzling. In some cases, the margins appear to
conform to the lower portion of the crater wall (Figure 7). It is
not clear what process could produce this topography. It is
possible that the craters exposed unit 2‐like material in the
crater wall during impact, and that this material was then
distributed across the floor via mass wasting and subsequently lithified. In one example shown in Figure 7, the
steeper margin of unit 3 actually exhibits a lower thermal
inertia than the floor; this observation might support the idea
of continued erosion from the walls. But in most cases, the
thermal inertia of the steep margin is higher than or similar to
that of the floor. Alternatively, the unit 3 occurrences may
have been originally flat‐lying but experienced postdepositional modification such as erosion or subsidence. With
subsidence, one might expect surface fracturing or a bench/
terrace around the margin of unit 3. Bench‐like features are
observed in some cases; Figure 12 highlights one possible
example. These features may also represent “high lava
marks,” which are sometimes observed at the margins of
ponded lavas in lunar and Martian craters [e.g., Greeley et al.,
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2005]. With the information available, it is difficult to favor
erosion from the crater walls over volcanic infilling. Though
there are no obvious lava flow features or source vents which
would point to a volcanic origin, this is true for unit 2 as well,
and it could be that these represent low‐viscosity flood lavas
that buried their vents, as suggested for some lunar craters and
Gusev crater [e.g., Greeley, 1976; Greeley et al., 2005].
Additionally, if unit 2 is volcanically emplaced via extensive
subsurface fracturing, then presumably crater floors would
also be overlying subsurface fracturing and would experience
similar volcanic infilling.
4.1.4. Unit 4
[43] The TES and THEMIS spectral properties of the intracrater sand deposits (unit 4) suggest that sand deposits are
intermediate between the olivine‐enriched intercrater plains
(unit 2) and olivine‐deficient intercrater plains (unit 1), suggesting that they may be a mixture of the olivine‐enriched
and olivine‐deficient plains materials. Alternatively, they may
be less altered sediments from unit 1, where the mobile
nature of the grains reduces preservation of evidence of
surface alteration.
4.1.5. Unit 5
[44] Unit 5 is perhaps the most enigmatic of the units
presented here. It is not associated consistently with any
particular landform or spectral unit that might provide
insight into its origin, and has a variable thermal inertia
(Table 2). The margins of the unit are typically sharp: the
THEMIS spectral signature changes from unit 5 to unit 1 or 2
over a distance of one or two THEMIS pixels (100–200 m)
with no intermediate signature. This suggests that the unit is
not particularly mobile, and may be directly tied to an
underlying lithology or overlying unit that has been
removed. The lack of a bedrock (defined as THEMIS thermal inertia >1200 J m−2 K−1 s−1/2 [Edwards et al., 2009])
source for this relatively isolated unit further suggests that it
must be either mechanically or chemically derived from
underlying material or from overlying material that has now
been removed. Finally, small craters (<1 km) which impact
into unit 5 commonly bear spectral resemblance to the
underlying unit (Figure 1), suggesting that it does not have a
substantial thickness.
[45] It is not clear if unit 5 represents a more altered or less
altered version of associated units. For this discussion, it is
important to note that determining which surface is more
altered is not easily done on the basis of changes in primary
mineral abundance alone (e.g., olivine, plagioclase, pyroxene). The relative stability of minerals, particularly plagioclase and pyroxene, in aqueous solution is highly dependent
on solution pH and chemistry, the composition of the
minerals (for example Ca‐plagioclase is more susceptible to
dissolution than pyroxene, which is more susceptible than
Na‐plagioclase), and the grain size of the mineral grains [e.g.,
Keller, 1955; Loughnan, 1969; Schott and Berner, 1985;
Hurowitz et al., 2005; McAdam et al., 2006, 2008]. Furthermore, the nondetection of hydration signatures in CRISM
data, which would be expected for some alteration minerals
(e.g., clays, sulfates, amorphous/poorly crystalline silicates),
is also not necessarily an indicator of lack of alteration. This is
because poorly crystalline and/or amorphous hydrated silicates can lack 1.4 and 1.9 mm features that are associated with
hydration in crystalline materials [Milliken and Mustard,
2005; Kraft et al., 2007]. Additionally, in remotely sensed
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data, the signature of weathering is commonly more affected
by the differential breakdown of primary phases rather than
the formation of secondary phases [Michalski et al., 2005].
Thus, though the THEMIS signature of unit 5 suggests that it
is more felsic/silicic than unit 1, this observation does not
indicate that unit 5 is more altered than unit 1. With that in
mind, one possible origin of unit 5 is that it represents less
altered, fresher exposures of unit 1. The observations of unit 5
occurring on isolated buttes/massifs embayed by unit 2
(Figures 16 and 19) as well as on talus eroded from unit 1
(Figure 19) might suggest that perhaps some occurrences
of unit 5 are more representative of the primary lithology of
unit 1. Our logic here is that the same process that is keeping
unit 2 relatively free of regionally derived, possibly altered
sediment from unit 1 (based on the relatively higher thermal
inertia of unit 2 in some areas) also keeps these isolated areas
free of older, altered sediment from unit 1. Similarly, material
eroded from quasi‐vertical exposures of unit 1 (the talus
slopes) likely are more representative of the volume of unit 1
than is the surface of unit 1.
[46] Conversely, unit 5 may represent a more altered end‐
member of unit 1, 2 or 3. If derived from underlying
material, the enhanced alteration might have been enabled
by underlying differences in primary lithology or grain/
crystal size. Or, it may have experienced alteration at depth
under unit 1, perhaps via groundwater or a local hydrothermal system, and has now been exposed in some places.
Given the variability in morphologic associations, spectral
unit associations, and thermal inertia, it is likely that separate occurrences of unit 5 may have had distinct formation
mechanisms and/or multiple formation mechanisms.
4.1.6. Olivine‐ and Pyroxene‐Rich Units
[47] Olivine and pyroxene‐rich buttes, massifs and central
peaks are mostly concentrated around the rim of Hellas
Basin (Figures 16, 20, and 21) [Poulet et al., 2007; Koeppen
and Hamilton, 2008], suggesting that some are directly tied
to the formation of Hellas Basin. It is possible that they
represent mantle material that was brought close to the
surface by the Hellas impact [e.g., Koeppen and Hamilton,
2008].
4.2. Proposed Sequence of Events
[48] In summary, we propose the following generalized
geologic history of the region, which incorporates TES‐ and
THEMIS‐detected spectral units (Figure 24). Following
formation of the earliest exposed crust, the surface was
degraded via impact, aeolian, and/or fluvial processes,generating regolith from bedrock (unit 1) which may be indurated in some places. These processes may have resulted in
mechanical and/or chemical alteration of the original surface
composition; however, the original lithology (for example,
the olivine content relative to younger units) is not well
constrained.
[49] Later, widespread volcanism resulted in partial filling
of intercrater plains (unit 2) and possibly crater floors (unit 3).
Some impacts occurring during or after this time may have
exposed unit 2‐like materials in crater walls, which were then
distributed across the crater floors. All three units (1, 2 and 3)
continued to be reworked and resurfaced, resulting in partial
burial of units 2 and 3 with locally derived sediment as well as
older (and perhaps regionally derived) sediment from unit 1.
Chloride deposits formed in association with unit 2‐like
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surfaces after substantial modification (to reduce the strength
of the TES 507 cm−1 index) and perhaps burial (Figure 22).
The fraction of sediment most conducive to saltation then
formed dunes and other bed forms (unit 4).
[50] The formation mechanism(s) of unit 5 is/are so ill‐
constrained that it is difficult to incorporate it into the
sequence with any reasonable certainty. It may represent
isolated areas that underwent additional chemical alteration
to produce slightly more silicic/felsic surfaces. In this case,
the enhanced alteration may have been enabled by underlying differences in primary lithology or grain size; or was
perhaps assisted by local ground waters or hydrothermal
systems and later exposed. Alternatively, it may represent a
less altered version of unit 1 that has been exposed by
erosion (section 4.1.5).
4.3. Relationship to Similar Units in Other Noachian
Highlands Regions
[51] Units 1, 2, and 3 bear strong resemblance to units
observed in Mare Serpentis, a low‐albedo heavily cratered
region northwest of Hellas Basin. Rogers et al. [2009]
reported high thermal inertia, resistant mafic units interspersed throughout less mafic, lower thermal inertia
degraded plains. They suggested that the mafic units likely
represented volcanically emplaced materials that postdate
older, less mafic plains units. As described here for unit 1, it
is not clear if the primary lithology of the older units was
originally less mafic or if the present‐day olivine‐deficient
composition was achieved through alteration processes
[Rogers et al., 2009]. Similar to this study region, the
resistant mafic materials in Mare Serpentis are also found in
crater floors. The major difference between Mare Serpentis
mafic units and units 2 and 3 from this study are the overall
thermal inertia ranges; mafic units in Mare Serpentis reach
thermal inertias as high as 500–1200 J m−2 K−1 s−1/2,
compared to a maximum of ∼420 J m−2 K−1 s−1/2 for this
study region. The difference could simply be related to
efficiency of sediment removal between the two regions;
local wind patterns could facilitate increased areal coverage
of sediment‐free surfaces in Mare Serpentis.
[52] Elsewhere in the highlands, high thermal inertia, flat‐
floored craters have been examined in detail [Mest and
Crown, 2005; McDowell and Hamilton, 2007; Edwards
et al., 2010]. In contrast with the unit 3 surfaces presented
here, craters in Margaritifer Terra do not typically appear
spectrally unique from surrounding materials in THEMIS
data [McDowell and Hamilton, 2007]. However, preliminary
examination of some of those craters using the 507 cm−1
index indicates that some may at least have spectral distinctions at long wavelengths in TES data. The geomorphology of Millochau Crater was examined in detail by Mest
and Crown [2005]. The crater floor partially consists of
similar material to unit 3 (mapped as “rugged material” by
Mest and Crown); they report a gentle sloping from the edge
of the rugged material downward toward the crater center, as
observed here for some occurrences of unit 3. Mest and
Crown [2005] suggest that the rugged material may consist in part of mass‐wasting material, though they note that
the absence of transverse ridges and other morphological
features associated with gravity‐driven flow are puzzling.
They also suggest that the topographic characteristics are
consistent with postmodification of near‐horizontal strata.
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The characteristics they describe are similar to our observations of unit 3. Preliminary work by Edwards et al. [2010]
suggests that the relative increase of mafic minerals found
in flat‐floored high thermal inertia Intracrater deposits is a
widespread trend throughout the highlands. They suggest that
the crater filling process may have been dominated by
impact‐driven volcanism, such as that proposed for some
lunar craters [Schultz, 1976].
[53] Bandfield [2008] described high‐silica deposits in
Hellas Basin, consisting of ∼80% high‐silica phases such as
amorphous silica or zeolite; the identification was made
using both THEMIS and TES data. Additionally, bright
soils uncovered by the Mars Exploration Rover Spirit in
Gusev Crater were found to consist of >80% SiO2 [Squyres
et al., 2008]. Areas described as unit 5 differ from the Hellas
deposits in both THEMIS and TES data. Unit 5 surfaces do
not exhibit the low surface emissivity at ∼8.5 mm (THEMIS
band 4) nor the relatively featureless emissivity at wavelengths >∼25 mm (<400 cm−1) in TES data. Thus, although
unit 5 is relatively silicic/felsic compared to unit 2, it is not
similar to Hellas or Gusev soils, which are overwhelmingly
dominated by silica.
4.4. Outstanding Questions Related to Major
THEMIS Signatures in the Highlands
[54] Results from this work and other studies highlight a
few outstanding questions regarding highland surface
compositions, and in particular, regarding spectral unit signatures that are commonly observed in THEMIS data. The
first question relates to the true composition of the heavily
degraded unit 1. There are clearly two dominant spectral
units in the intercrater plains, represented here as units 1 and
2 and by Rogers et al. [2009] as less mafic, low thermal
inertia plains and mafic rocky surfaces. These differ from
each other in relative age, composition, and thermophysical
properties. It is not clear if the older, less mafic unit (unit 1
in this work) represents a truly different lithology from the
younger units, or if the units were actually similar in composition, but the older unit has experienced more alteration.
If unit 5 represents a less altered version of unit 1, then this
would suggest that the primary lithology of unit 1 truly was
and is olivine‐deficient. Rogers [2011] reported that crater
ejecta in this region commonly exhibit increased abundances of plagioclase and/or high‐silica phases and
decreased abundances of pyroxene, relative to the target
materials. Rogers suggests, among other scenarios, that the
craters are either exposing (1) more pristine or (2) more
altered materials than the surrounding target surface. The
increased abundance of high‐silica phases in the ejecta
materials, however, more strongly supports the latter scenario. The ejecta materials found within unit 1 are not
deficient or enriched in olivine relative to unit 1, but are
deficient relative to unit 2. If the craters are exposing more
altered material, the implication is that the olivine abundance associated with unit 1 was likely higher at the time of
crystallization, but has been decreased because of alteration.
(Olivine is more susceptible to dissolution than pyroxene;
thus if pyroxene is decreased because of alteration, then
olivine would also have been decreased). However, the
subsurface alteration scenario favored by Rogers [2011]
depends heavily on the observation of slightly higher
abundances of high‐silica phases in ejecta materials, which
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could potentially represent glass or shocked materials
instead of aqueous alteration phases. More importantly, the
slight difference in high‐silica abundance was not considered to be statistically separable for many of the craters
examined [Rogers, 2011]. Thus, the possible clues from the
crater ejecta are equivocal and the question remains: at the
time of crystallization, were these older materials deficient
in olivine relative to younger units?
[55] Answering this question has important implications
for understanding the role of aqueous alteration in soil formation as well as the expected global volume of Mg‐bearing
alteration products. For example, Bandfield et al. [2011]
recognize a global trend whereby rocky surfaces typically
contain higher abundances of olivine than lower thermal
inertia surfaces. They pose the hypothesis, drawing from
geochemical observations in laboratory [e.g., Tosca et al.,
2004] and in situ Mars surface studies [Hurowitz et al.,
2006], that this trend can be explained by olivine dissolution by aqueous alteration during the formation of Martian
soils from bedrock. In areas where olivine‐deficient sediment can be clearly traced to olivine‐rich bedrock (such
as in Argyre Basin [Bandfield and Rogers, 2008]), the
hypothesis is firmly supported. However, for much of the
Martian surface, the source of soils is not well constrained.
It is possible that the lower olivine abundance in most
Martian soils (relative to younger bedrock) is due to derivation from older, olivine‐deficient bedrock that has now
been obscured by olivine‐deficient regolith derived from
that older bedrock. The olivine‐enriched bedrock sources
(units 2 and 3 in this work) cover a small area relative to
olivine‐deficient surfaces, thus one would expect olivine‐
deficient soils to be volumetrically dominant over olivine‐
enriched soils in any case. High abundances (>30%) of Mg
sulfate are observed in strata in isolated areas on Mars [e.g.,
McLennan et al., 2005; Glotch et al., 2006] and could be
ubiquitously present at lower abundances (5–10%, below
the TES detection limit) in Martian soils [e.g., Bandfield,
2002; Rogers and Aharonson, 2008]. Additionally, Fe‐
and Mg‐bearing clay minerals are some of the most commonly detected phyllosilicates to date in CRISM and
OMEGA data [e.g., Murchie et al., 2009; Milliken and Bish,
2010]. Dissolution of olivine is thought to be a primary
source for the Mg cations needed to form these minerals [e.g.,
Tosca et al., 2004; Hurowitz et al., 2005]. Thus, determining
the expected volume of Mg‐bearing secondary minerals in
Martian soils should depend on the starting compositions of
ancient crustal materials. In summary, results from this and
previous work demonstrate that the original olivine abundance of degraded intercrater plains surfaces is not well
constrained. This question might potentially be addressed
through detailed, systematic studies of exposed subsurface
compositions in impact materials.
[56] A second question relates to the origin of less mafic
material commonly observed overlying resistant olivine‐
enriched intercrater plains (e.g., Figure 1). In some cases, a
strong thermal inertia distinction from unit 2 is not observed
(Figure 1), whereas in other cases, the thermal inertia is
decreased relative to unit 2 exposures, indicating variable
thickness. We interpret this material as either sediment
derived from unit 1, or material directly derived from
alteration of the underlying unit 2. Distinguishing between
these interpretations has important implications for the role
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and timing of olivine alteration in Martian soils. For
example, if the deposits are material directly altered from
unit 2, then it implies that conditions conducive to olivine
alteration continued at least until the early Hesperian (based
on age estimates for Hesperian “smooth units,” designated
Hpl3 by Greeley and Guest [1987], which sometimes
coincide with unit 2 occurrences). The alteration scenario
would also raise the question of what property (e.g., grain
size, porosity, lithology) of unit 2 is changing to enhance
alteration where the overlying material is found.
[57] A third question relates to understanding the dominant origin of the high‐thermal inertia, olivine‐enriched
crater floor materials (unit 3 in this work). As discussed by
Edwards et al. [2009, 2010], high thermal inertia, flat‐
floored craters are widespread in the Martian highlands. In
some cases, they are not compositionally distinct from the
surrounding degraded plains materials [e.g., McDowell and
Hamilton, 2007]. In other cases, they are distinctly enriched
in olivine and are spectrally similar to olivine enriched
intercrater plains [Rogers et al., 2009; this work]. It is not
clear if these differences are due to true lithologic differences between the deposits, or to differences in alteration/
resurfacing between them. Furthermore, what is the origin
of the crater filling material? As discussed by McDowell and
Hamilton [2007] and in section 3.3, these crater floors are
too shallow to represent impact melt/breccia material; this
leaves volcanic and/or sedimentary interpretations. In the
craters studied here, the compositional similarity to unit 2
argues against sedimentary infill from outside the crater
(section 4.1.3); however, it is possible that impacts into
olivine‐enriched materials (like unit 2) could have exposed
these materials in crater walls, which were then subsequently eroded and distributed across the floor of the crater.
A volcanic origin also cannot be ruled out (section 4.1.3).
Understanding the origin of these widespread materials has
important implications for the volcanic and sedimentary
history of Mars; namely, constraining the degree of and
timing of volcanic resurfacing and/or sediment generation
from unit 2‐type surfaces.
[58] A fourth question relates to the dominant origin of
unit 5 surfaces, which are spectrally distinct from the
dominant unit in the region, unit 1, and are likely more
felsic/silicic in composition than unit 1. The origin of these
materials, and their relationship to other units, are poorly
constrained. As discussed in section 4.1.5, they may represent altered versions of units 1 or 2, or, could represent less
altered versions of unit 1. Distinguishing between these
scenarios has important implications for the nature of the
true composition of ancient crustal materials, and relates
back to the first question above: were older unit 1 materials
deficient in olivine at the time of crystallization? If unit 5 is
representative of the true composition of unit 1, then it
would suggest a true deficiency in olivine relative to
younger units. If, on the other hand, unit 5 represents an
altered version of unit 1, it may imply local groundwater or
hydrothermal systems that led to enhanced alteration, then
later exposure by erosion.

5. Conclusions
[59] Infrared observations in Tyrrhena and Iapygia Terrae
(60–100°E, 0–30°S) illustrate an example of what may be
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typical southern highlands stratigraphy, including the presence of ancient, likely altered crust, overlain by relatively
unaltered, intact lavas, both of which are interlayered with
impact ejecta that derive material from depth (Figure 24).
The observations may have more widespread implications
for crustal evolution and alteration processes in the Martian
highlands. The major observations, conclusions and unanswered questions are detailed below.
[60] 1. Intercrater plains can be divided into two main
types: mafic, resistant, higher thermal inertia surfaces (unit
2) and less mafic, degraded, lower thermal inertia surfaces
(unit 1). The more mafic units, which are likely volcanic in
origin, overlie the less mafic units. These two units bear
strong resemblance to intercrater plains units and stratigraphy found in Mare Serpentis, a low albedo highlands region
located northwest of Hellas Basin. The widespread occurrence of unit 2‐like surfaces call for its recognition as an
important component of Mars’ hjghland stratigraphy.
[61] Unit 1 is likely altered to some degree. However, a
major outstanding question is whether the difference in
olivine abundance between these two widespread units can
be entirely attributed to alteration. It is possible that crust‐
forming materials that comprise the older unit, unit 1, were
deficient in olivine at the time of crystallization. Answering
this question has important implications for constraining the
role of aqueous alteration in the formation in Martian regolith as well as for understanding possible changes in crust‐
forming magmas with time (section 4.4).
[62] 2. Isolated occurrences of olivine‐deficient material
are spectrally distinct from units 1–3, with a higher emissivity between 10.2 and 11.8 mm, suggesting a more felsic/
silicic composition than units 1–3. These units are referred
to as unit 5 in this work. The mineralogic distinction from
unit 1 is unclear. The THEMIS signature could result from a
slightly higher abundance of high‐silica phases, which
would likely indicate that unit 5 represents an altered version of units 1, 2 or 3. Alternatively, the signature could
result from a higher plagioclase to pyroxene ratio relative to
unit 1. Because mineral dissolution susceptibilities depend
on a variety of factors, a higher plagioclase to pyroxene ratio
in unit 5 could indicate either differential alteration of unit 1
to form unit 5, or conversely could indicate that unit 5
represents less altered exposures of the more widespread
unit 1 (section 4.1.5). Thus, the origin of unit 5 materials is
poorly constrained; they may represent less altered versions
of unit 1 or more altered versions of units 1, 2 or 3. Understanding the origin(s) of this unit would provide insight into
the question of whether unit 1 materials were olivine deficient at the time of crystallization (section 4.4).
[63] 3. Many craters in the region exhibit shallow interiors that are relatively high thermal inertia and compositionally indistinguishable from mafic intercrater plains surfaces
(unit 2). These materials (unit 3) likely represent volcanic
infill or sediment eroded from olivine‐enriched materials
(unit 2) exposed in crater walls. Because crater‐fill materials
similar to unit 3 are observed in many other highland locations (section 4.3), identifying the dominant origin of these
materials would have important implications for the volcanic
and sedimentary history of the highlands. In particular, it
would provide constraints on the timing and degree of volcanic resurfacing and/or sediment generation from unit 2‐
type surfaces.
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[64] In addition to the major conclusions described above,
we also conclude the following:
[65] 4. A new TES spectral index (the “507 cm−1 index”)
is described. The index maps the strength of the emissivity
slope between ∼430 and ∼508 cm−1 and is affected by the
abundance of olivine and/or pyroxene on the surface, relative to plagioclase or high‐silica phases. This index distinguishes unit 2 and unit 3 from unit 1 surfaces and was used
to identify all occurrences of unit 2 and unit 3.
[66] 5. Olivine‐ and pyroxene‐rich buttes, massifs and
crater central peaks are observed in isolated locations near
the southern portion of the study region, primarily concentrated on the rim of Hellas Basin. Many outcrops of these
materials may have been brought near the surface via the
Hellas impact.
[67] 6. Phyllosilicate‐bearing surfaces are found in association with unit 1 or in crater‐related materials (ejecta,
walls, rims, central uplifts). No detections were found in
association with the younger units 2–5; however, it is possible that some phyllosilicate‐bearing surfaces might be
found in these units if higher resolution targeted CRISM
images are examined.
[68] 7. Putative chloride‐bearing deposits (mapped by
Osterloo et al. [2010]) are found in areas mapped as unit 1.
However, for the majority of chloride occurrences, the unit 1
surfaces in which the chlorides are found bear strong
resemblance to unit 2 surfaces in morphology and THEMIS
DCS images. Thus, though the areas that contain putative
chloride deposits lack a strong 507 cm−1 index value (and
therefore were mapped as unit 1), it is possible that these
areas are modified versions of unit 2. It is not clear if this is
relevant to the formation of the chloride‐bearing surfaces.
[69] 8. Intracrater sand deposits (unit 4) are compositionally similar to unit 2, and spectrally intermediate
between units 1 and 2, suggesting that the observed bed
forms contain a mixture of the two units.
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