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[1] We have identified several exposed dikes in Thaumasia
Planum Mars using THEMIS, CTX, HiRISE and CRISM
data. These dikes extend from tens to �100 kilometers in
length with average widths of �50 m. They display classic
‘en echelon’ patterns while cross-cutting preexisting geo-
logic features, including extensive wrinkle ridges. Both the
dikes and associated fissure eruption products have very
blocky morphologies with �38% higher thermal inertia than
the surrounding regions. The dikes are all enriched in Mg-
rich olivine relative to surrounding terrain, and a subset also
contains elevated high-calcium pyroxene, both of which
indicate relatively primitive magma compositions. We pro-
pose that these dikes might have served as feeders for the
olivine-enriched flood basalts in this region, and may be
derived from the Tharsis plume. These observations provide
further evidence that the opening of Valles Marineris was
facilitated by tectonic stresses following paths of preferential
weakness along preexisting structures such as fractures and
faults like those indicated by these dikes. Citation: Huang, J.,
C. S. Edwards, B. H. N. Horgan, P. R. Christensen, M. D. Kraft, and
L. Xiao (2012), Identification and mapping of dikes with relatively
primitive compositions in Thaumasia Planum on Mars: Implica-
tions for Tharsis volcanism and the opening of Valles Marineris,
Geophys. Res. Lett., 39, L17201, doi:10.1029/2012GL052523.

1. Introduction

[2] Dikes are igneous intrusions into pre-existing rocks,
and are in-place records of volcanism that can provide fun-
damental geologic information about terrestrial planets.
Although Mars is largely a volcanic planet [Greeley and
Spudis, 1981; Werner, 2009; Xiao et al., 2012], dikes are
rarely exposed at the surface likely due to the lack of tectonic
uplift and low erosion rates, which are processes important
for exposing subsurface dikes on Earth [Ernst et al., 2001;
Pedersen et al., 2010]. Dikes may be inferred from associ-
ated surface morphologies including pit craters, narrow gra-
bens, linear and ovoid troughs [Mège and Masson, 1996;
Wilson and Head, 2002; Mège et al., 2003; Schultz et al.,

2004] and magnetic anomalies [Nimmo, 2000]. Recently,
several direct observations of eroded and exposed dikes,
including some with unique compositions have been
reported on Mars [Shean et al., 2005; Head et al., 2006;
Korteniemi et al., 2010; Pedersen et al., 2010; Flahaut
et al., 2011]. Here, we report new observations of dikes in
Thaumasia Planum (Figure 1a) using imaging and spectral
data from THEMIS (Thermal Emission Imaging System)
[Christensen et al., 2004], CTX (Context Camera) [Malin
et al., 2007], HiRISE (High Resolution Imaging Science
Experiment) [McEwen et al., 2007] and CRISM (Compact
Reconnaissance Imaging Spectrometer for Mars) [Murchie
et al., 2007]. The region in which these dikes occur is
characterized by extensive sinuous wrinkle ridges and has
been previously mapped as Older Ridged Plains Material
(HNr) of Late Noachian to Early Hesperian age [Dohm
et al., 2001]. The dikes we identified are thermophysically
and compositionally distinct from the surrounding terrains
and constrain the volcanic history related to early Tharsis
uplift and opening of Valles Marineris.

2. Methods

[3] We used the 100 m/pixel THEMIS daytime infrared
(IR) global mosaic [Edwards et al., 2011] to survey the
region of Thaumasia Planum (21–27�S, 291–300�E). The
mosaic highlights relative daytime surface temperatures,
which vary due to solar illumination and material grain-size
[e.g., Fergason et al., 2006]. Therefore, we used this dataset
to distinguish different geologic materials and to establish
regional context. Using THEMIS nighttime IR data converted
to thermal inertia [Fergason et al., 2006] we derived the
thermophysical nature of the materials. We further character-
ized morphologic features in detail using CTX and HiRISE
images (�6 m/pixel and �25–30 cm/pixel, respectively). The
OLINDEX [Pelkey et al., 2007] spectral index was calculated
for CRISM multispectral survey (MSP) data (�200 m/pixel
in 72 selected channels) to investigate regional compositions.
We calculated the OLINDEX2 [Salvatore et al., 2010],
LCPINDEX and HCPINDEX [Pelkey et al., 2007] spectral
indices for full resolution targeted (FRT) data in order to
map locations with enhancements in olivine, low- and high-
calcium pyroxene, respectively. FRT data were used to esti-
mate the Lambert albedo from both the visible/near infrared
(VNIR) and IR detectors (700–2400 nm) [Murchie et al.,
2007]. In order to account for slight differences in viewing
geometry between the VNIR and IR detectors, the VNIR
portion of both spectra have been multiplied by a constant to
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visually match the albedo of the IR portion [Horgan and Bell,
2012].

3. Results

[4] We observe several narrow linear features in the
THEMIS daytime IR data in the Thaumasia Planum region
(Figure 1a) that display a general east to west trend and
are roughly parallel to the orientation of the Valles Marineris.
Some features are discontinuous but can be traced for dis-
tances up to �100 km. The linear feature materials are
cool relative to the surrounding plains in the daytime images
and relatively warm in nighttime images (Figures 1b and 1c).

The width of the thermally-distinct zone ranges from
�1–4 km. These materials have thermal inertias of �220–
240 JK�1 m�2 s�1/2, while the surrounding wrinkle rid-
ges and lava plains have a typical thermal inertia of
�160 JK�1 m�2 s�1/2.
[5] High-resolution CTX and HiRISE data illustrate small-

scale morphologies associated with these linear features
(Figure 2). They cross-cut wrinkles ridges and are commonly
composed of a sharp-crested ridge �50 m wide in the center
of a topographically lower band of flank material (Figure 2a).
In many places, linear features occur as segments �10–
1,000 m long, with some segments occurring ‘en echelon’ to
one another (Figure 2c). On one linear feature, the height of

Figure 1. (a) THEMIS daytime infrared temperature mosaic (background) of the study area (27�–21�S and 291–300�E).
Colored features are the identified olivine-enriched and higher thermal inertia regions: red lines are linear features; green
polygons are ejecta of impact craters; blue shapes are rough terrains. The location of olivine (Fo68) concentration derived
from TES spectra [Koeppen and Hamilton, 2008] is identified by the white arrow. (b) A close-up view of linear features with
colorized thermal inertia image (units: JK�1 m�2 s�1/2, THEMIS nighttime image ID: I06213011) overlain on a THEMIS
daytime infrared temperature mosaic. The cold tones indicate a lower thermal inertia and the warm tones indicate a higher
thermal inertia. Close-up views of linear features, ejecta of impact craters and rough terrains with colorized OLINDEX index
(derived from CRISMMSP data): (c) MSP0000C6EE_01_IF211L_TRR3 and (d and e) MSP00004969_05_IF214L_TRR3)
overlain on THEMIS daytime infrared temperature mosaic. Green tones indicate lower olivine concentrations, while red
tones indicate higher olivine concentrations. In Figure 1c white arrows indicate the linear features with elevated olivine con-
centration; in Figure 1d white arrows indicate ejecta of impact craters with elevated olivine concentration; in Figure 1e white
arrows indicate rough terrains with elevated olivine concentration.
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Figure 2. Morphology of the linear features using (a–c) CTX P18_008115_1561_XN_23S066W, B01_010185_1556_XI_
24S065W, P17_007759_1547_XI_25S065W) and (d–f) HiRISE (PSP_007759_1550) images. In Figure 2a, a linear feature
is observed to cut through a wrinkle ridge. A slightly sinuous ridge (white arrows) is located in the center of the flank materials
(white dash lines). Sand dunes are present in regional depressions. As the linear feature extends to the east (Figure 2b), the flank
materials disappear and the central ridge (white arrows) transforms to a trough (black arrows) gradually. In Figure 2c, some seg-
ments show ‘en echelon’ pattern (white arrows); the inset c’ is a close-up view of another linear feature. In addition to the
morphologies shown in Figure 2a, an outer ridge (black arrows) parallel to the central ridge can be seen. Detailed morphology
of the outer ridge, the central ridge and the flank materials are presented in Figures 2d, 2e and 2f, respectively. Figure 2d is a
close-up view of the outer ridge (white arrows). From this image, it appears rocky and is elevated with respect to the southern
rocky flank materials and the northern dusty and rippled terrains. Figure 2e is a close-up view of the central ridge (white dash
lines), which appears rockier than the flank materials (shown in Figure 2d). Dozens of near N-S fractures are indicated by white
arrows and regional depressions appear to be mantled. Figures 2f is a close-up view of flank materials where hundreds of slightly
curved narrow linear troughs (white arrows) can be observed.
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the central ridge decreases eastward, and it transitions into a
trough with no visible flank material (Figure 2b). In some
locations, smaller outer ridges run parallel to the central
ridge, and they are lower in elevation than the central ridge
(Figure 2c; see inset). However, we were unable to derive the
topographic information fromMOLA gridded data due to the
small size of these features (tens of meters) relative to the size
of a single MOLA pixel from the 128 ppd map (�400 m/
pixel at this latitude). Furthermore, there were no available
CTX or HiRISE stereo-image pairs, which would have

sufficient resolution to decipher topographic information,
over any of these sites.
[6] The outer ridge appears to be composed largely of

blocky material and the terrain outside is relatively smooth
and partly covered by sand dunes (Figure 2d). Most of the
central ridge has a blocky appearance, although some por-
tions are smoother and appear to be mantled by regolith or
aeolian material. Linear fractures perpendicular to the ori-
entation of the central ridge (Figure 2e) and extensive small
troughs several meters wide within the flank material are
observed (Figure 2f).
[7] Many of the linear features in the region have stronger

olivine spectral features observed in CRISM MSP OLIN-
DEX parameter maps (Figure 1c). In addition, the ejecta of
some impact craters (Figures 1d and 1e) and rougher terrains
(Figure 1e) also have elevated OLINDEX values. Similar to
the linear features, these surfaces also display a relatively
high thermal inertia. Notably, smaller craters’ ejecta and the
larger craters’ outmost ejecta have these characteristics
(Figure 1a).
[8] Surface mineralogy was examined in detail for one

linear feature, which cuts through the plains and a wrinkle
ridge. To investigate the mineralogy of the linear feature we
used a red/green/blue (RGB) composite decorrelation stretch
image [Gillespie et al., 1986] where the CRISMOLINDEX2,
LCPINDEX and HCPINDEX are displayed in the RGB
channels respectively (Figure 3a). Based on this false color
image, it is apparent that the linear feature has a higher
olivine concentration, while the plains and wrinkle ridge
have higher LCP and HCP values. The composition of
the linear feature varies from primarily olivine-bearing
materials (red) to a mixture of olivine and pyroxene (purple)
(Figure 3a). Spectra extracted from two locations along the
linear feature (Figure 3b) were ratioed to a mean spectrum of
a dustier region in the same CRISM column in order to
suppress atmospheric components. The ratioed spectra show
a broad absorption centered between 1.0–1.1 mm, consistent
with iron-bearing silicate minerals (Figure 3c). The spectrum
from the red region in Figure 3a has additional absorptions at
short wavelengths but no major absorptions beyond 1.5 mm,
consistent with olivine [e.g., Adams, 1974]. The lack of a
strong absorption between 1.2–1.4 mm indicates the olivine
composition may be more Mg-rich (forsteritic) than Fe-rich
(fayalitic) [Flahaut et al., 2011]. In contrast, the spectrum
from the purple region exhibits an additional broad absorp-
tion centered near 2 mm, consistent with pyroxene [Adams,
1974]. However, the purple spectrum lacks an absorption
feature between 0.8–1.0 mm, indicating that the ferrous phase
is not LCP. Instead, this spectrum is most consistent with a
mixture of olivine and HCP, with an absorption centered near
2.1 mm due to the presence of HCP, and an asymmetry of the
1 mm band skewed toward longer wavelengths due to olivine.

4. Discussion

[9] We interpret the central ridges of these linear features
to be dikes based on their: 1) linearity over long distances; 2)
diagnostic ‘en echelon’ patterns; 3) parallel orientation to
regional extensional features; 4) blocky morphology with
elevated thermal inertia; and 5) igneous composition.
[10] In typical terrestrial examples, the top of a dike rises

near to the surface and stops at depth below the surface,
generally meters to hundreds of meters depending on local

Figure 3. Spectral analysis on CRISM FRT0000AC9F.
(a) RGB composition of summary parameters (R: OLINDEX2;
G = LCPINDEX; B = HCPINDEX). The variations in the red
(olivine) and purple (olivine and HCP) colors along the
extent of the linear feature suggest compositional variations,
whereas the surrounding terrains show green and blue colors
suggestive of pyroxene. (b) CTX image (B01_009974_
1548_XI_25S065W) shows the same area as Figure 3a.
White arrows indicate the locations of extracted CRISM
spectra (Spectra locations of FRT data: Site 1: on the dike:
3 � 3, upper left (UL):(599, 340), dust: 3 � 3, UL:(599,
222); Site 2: on the dike: 9 � 11, UL:(173, 228), dust:
9 � 11, UL:(173, 16)). (c) Two examples of both CRISM
raw and ratioed spectra (divided by a dusty area within the
same column) over a linear feature. Library spectra are shown
for comparison (CRISM spectral library and USGS Digital
Spectral Library splib06a).
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geological conditions [e.g., Mastin and Pollard, 1988;
Rubin, 1992]. These segments may leave narrow troughs
with no infilling lavas (Figure 2b). Alternatively, a section of
the dike may make its way to the surface, creating a fissure
eruption that deposits material adjacent to the dike [e.g.,
Wilson and Head, 1988]. It is possible that the flank fea-
tures, which exhibit flow-like textures (Figure 2f), are the
products of a fissure eruption and the outer ridge may be the
lava flow front (Figure 2d).
[11] Surfaces of high thermal inertia are composed of

coarser sand and rock fragments, while surfaces of fine par-
ticles have a lower thermal inertia. A given thermal inertia
can be the result of mixing of different materials
[Christensen, 1982]. The thermal inertia of the ridges are
�60 JK�1 m�2 s�1/2 higher than that of the surrounding
terrains indicating generally coarser materials on the ridges.
However, the flank materials, the central ridge, and outer
ridge are composed of very blocky materials and finer
mantle materials can be observed in low topographic areas
(Figures 2d–2f). Limited by the 100 m/pix spatial resolution
of THEMIS IR data, we interpret the thermal inertias as a
combination of both rocky (>1200 JK�1 m�2 s�1/2) and finer
aeolian mantling materials (<100 JK�1 m�2 s�1/2). The result
is a bulk thermal inertia significantly lower than bedrock
[>1200 JK�1 m�2 s�1/2: Edwards et al., 2009], despite the
observations of in-place rock in the HiRISE images
(Figures 2d and 2e).
[12] The CRISM ratio spectra from the dike materials

indicate Mg-rich olivine as compared to Fe-rich olivine
identified in Valles Marineris [Flahaut et al., 2011], and this
Mg-enriched composition indicates a relatively primitive
magmatic composition [McSween et al., 2006]. Although the
dikes are too small to directly obtain quantitative mineralogy
using Thermal Emission Spectrometer (TES) data (spatial
resolution 3 � 8 km [Christensen et al., 2001]), the highest
model concentrations of Fo68 olivine within the wrinkle
ridged plain and impact ejecta are �20% using the maps
from Koeppen and Hamilton [2008]. The concentrations of
Mg-rich olivine in the dikes are likely �20% based on the
assumption of compositional similarity.

[13] The occurrence of olivine in the smaller and larger
craters’ outmost ejecta (Figures 1a, 1d, and 1e) is consistent
with a near-surface and shallow olivine deposit based on
observations of both terrestrial and Martian craters [Osinski
et al., 2011]. However, not all the ejecta exhibit this char-
acteristic, so the subsurface layer may be discontinuous or
may lie below the depth sampled by the smaller craters.
Lateral variations in ejecta composition reflect vertical dif-
ferences in the target materials and indicate that the subsur-
face layer is relatively thin (<�400 m based on the depths of
impact craters). We propose that the higher thermal inertia
and olivine-enriched ejecta materials are windows into the
subsurface of the wrinkle ridged plains.
[14] Based on the observations and discussion above, we

propose a scenario for geological evolution of the region,
which is summarized schematically in Figure 4: First the
regional stress field was set with radial extension and tan-
gential compression in Thaumasia Planum due to Tharsis
load [Andrews-Hanna, 2012a]. Next the mantle derived
olivine-enriched flood basalts were emplaced over the Noa-
chian basement rock. Then extensive wrinkle ridges formed
due to regional compression [Golombek et al., 2001]. As
dikes often spread laterally within pre-existing strata on
Earth [Ray et al., 2007], the dike system (including the dikes
in this study and those identified by Flahaut et al. [2011])
may have been the source conduits for magma to feed the lava
flows (supported by the compositional similarity). Finally,
dust and/or volcanic ash covered the region, and along with
impact and aeolian processes, masked the olivine signatures of
the surface. This scenario is consistent with regional extension
in Thaumasia Planum resulting from Tharsis loading upon
the dichotomy boundary [Andrews-Hanna et al., 2012a].
The dikes we observed in Thaumasia Planum are likely related
to dikes in Valles Marineris that are thought to have con-
tributed significantly to subsidence of the Valles Marineris
[Andrews-Hanna, 2012a, 2012b].
[15] The emplacement of more mafic, rockier dikes in

this region has implications for magmatic history of Mars.
No direct source of magma has been identified in this region,
but given the general proximity to the Tharsis volcanic
province, it is plausible that the dikes were sourced from the

Figure 4. (a) Conceptual diagram showing stratigraphic relationships between observed features (not to scale). (b) Quali-
tative chronology of observed features and regional processes. Olivine basaltic volcanism is constrained by the start of the
Tharsis Rise and the opening of Valles Marineris.
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Tharsis plume. Additionally, given that the extension direc-
tions of the dikes are roughly parallel to Valles Marineris, it
is also plausible that the fractures associated with Valles
Marineris provided the path for dike emplacement. There-
fore, we propose that the relatively primitive magmas of
Tharsis volcanism may have traveled along pre-existing
fracture systems and formed both the Thaumasia Planum
dikes and flood basalts.

5. Conclusion

[16] We have identified several linear features in Thau-
masia Planum Mars consistent with an interpretation as
igneous dikes. They are associated with fissure eruptions,
are composed of blocky material, and have relatively higher
thermal inertia than nearby regions. They vary composition-
ally from predominantly forsteritic olivine-bearing materials
to materials that contain both forsteritic olivine and pyroxene
signatures. The forsteritic composition of the dikes indicates
that they are likely sourced from a primitive mantle. Based on
the results of our study, the dikes identified here likely fed
olivine-enriched flood basalts in Thaumasia Planum. Dike
orientations indicate they are directly associated with the
Tharsis-related stress field that formed the Valles Marineris,
and the relatively olivine-rich, primitive composition of dikes
are consistent with a mantle source, perhaps directly related
to a Tharsis mantle plume.
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