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Abstract The Tharsis region of Mars is covered in volcanic flows that can stretch for tens to hundreds of
kilometers. Radar measurements of the dielectric properties of these flows can provide information regarding
their composition and density. SHARAD (shallow radar), a sounding radar on the Mars Reconnaissance
Orbiter, detects basal interfaces beneath flows in some areas of Tharsis northwest and west of Ascraeus Mons,
with additional detections south of Pavonis Mons. Comparisons with 12.6 cm ground-based radar images
suggest that SHARAD detects basal interfaces primarily in dust or regolith-mantled regions. We use
SHARAD data to estimate the real relative permittivity of the flows by comparing the measured time delay of
returns from the subsurface with altimetry measurements of the flow heights relative to the surrounding
plains. In cases where the subsurface interface is visible at different depths, spanning tens of meters, it is
also possible to measure the loss tangent (tan δ) of thematerial. The permittivity values calculated range from
7.6 to 11.6, with an average of 9.6, while the mean loss tangent values range from 7.8 × 10�3 to 2.9 × 10�2

with an average of 1.0 × 10�2. These permittivity and loss tangent estimates for the flows northwest of
Ascraeus Mons, west of Ascraeus Mons, and south of Pavonis Mons are consistent with the lab-measured
values for dense, low-titanium basalt.

1. Introduction

The Tharsis region on Mars is home to the shield volcanoes Arsia, Pavonis, and Ascraeus Montes and is
covered in volcanic flows that can stretch for tens to hundreds of kilometers. These three volcanoes form a
chain between �20° to 20°N and 230° to 260°E. While the surfaces of most of the flows in this region
are thought to be young (hundreds of millions of years) based on crater counts, the length of time over
which Tharsis developed is unknown and could be either hundreds of millions or billions of years
[Bleacher et al., 2007]. Analysis of high-resolution images has shown that flows that are present earlier in
the stratigraphic sequence have traveled farther from the volcanoes, while “late stage” flows terminate closer
to the volcanoes and originate from rift zones [Bleacher et al., 2007].

The composition of volcanic deposits and lava flows, in addition to type and distribution of volcanic materials,
can provide information about the evolution of the surface and interior of a planet. The thickness of
the Tharsis area flows varies, but they are typically between 30 and 70m thick as measured fromMars Orbiter
Laser Altimeter (MOLA) data. Physical models propose that they may have been emplaced as individual
thick flows traveling over flat, smooth surfaces [Baloga et al., 2003]. These models also suggest that
Tharsis area lavas, including flows in close proximity to Ascraeus and Pavonis Montes, had viscosities
consistent with basaltic composition [Glaze et al., 2009; Baloga and Glaze, 2008; Glaze and Baloga, 2006].
Imaging radar data at 12.6 cm wavelength show extensive, radar-bright flows emanating from the
Tharsis Montes [Harmon et al., 2012]. Circular polarization ratios of the radar-bright flows approach unity,
suggesting that the surfaces are rough at the centimeter scale tometer scale and that conditions necessary to
produce blocky flow surfaces were common on Mars [Harmon et al., 2012].

Sounding radar measurements of the permittivity of volcanic deposits can provide information regarding
their composition and density. This information can be used to compare the dielectric properties of lava
flows to that of terrestrial or lunar surface materials. Two sounding radars are currently in orbit around Mars:
Mars Advanced Radar for Subsurface and Ionosphere Sounding on Mars Express and SHARAD (shallow radar)
on the Mars Reconnaissance Orbiter (MRO). Previous measurements of the Medusae Fossae Formation
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(MFF), a potential pyroclastic deposit,
generated low values (between 3 and
4) for the permittivity and low values
(0.001–0.005) for the loss tangent
[Carter et al., 2009b; Heggy et al., 2001;
Watters et al., 2007]. These values are
consistent with values measured
for ash and tephra deposits [Ulaby
et al., 1988; Campbell and Ulrichs, 1969].
In contrast to the low-density MFF
materials, permittivity calculations for
two flows west of Ascraeus Mons
yielded average values of 12.2 and 9.8
for the northern and southern flows,
respectively. On Earth, dense basalts
have permittivities between 7 and 11
[Ulaby et al., 1988; Campbell and Ulrichs,
1969]. The derived permittivity
values for the Ascraeus area flows
imply densities of 3.4 to 3.7 g cm�3.
Loss tangent values for these flows
range from 0.01 to 0.03 [Carter et al.,
2009a]. The measured bulk
permittivity and loss tangent values
are consistent with those of terrestrial
and lunar basalts.

SHARAD is able to determine the
permittivity of lava flows, provided
that it can detect a subsurface
interface. If the radar wave penetrates
a lava flow and reflects from a basal
interface with material of sufficient
dielectric contrast, it is possible to
calculate the flow permittivity and loss

tangent given an independent measurement of the flow thickness. Because the Tharsis region is dust
covered, the ability of radar to penetrate below the surface is especially useful. The long wavelength of
SHARAD (15m) compared to 12.6 cm imaging radar analysis such as that of Harmon et al. [2012] means that
the radar is insensitive to centimeter-scale surface roughness and can penetrate surface interfaces that
appear rugged in the shorter-wavelength data. In the Tharsis region, relatively flat, smooth, dust-covered
surfaces afford ideal conditions for measuring the material properties of these flows. New data from
SHARAD provide additional spatial coverage relative to the Carter et al. [2009a] results, and we used these
data to conduct the first thorough investigation of the entire Tharsis region.

2. Data Analysis: Measurement of Dielectric Properties

SHARAD operates at 20MHz with a 10MHz bandwidth and has a free-space vertical resolution of 15m
(~5–10m vertical resolution in most geologic materials) [Seu et al., 2004]. SHARAD is able to detect
permittivity boundaries between thin (tens of meters) layers provided that there is sufficient change in
dielectric properties between them. The lateral resolution of SHARAD is 3 to 6 km, reducible to 300 to
1000m in the “along-track” direction with synthetic aperture focusing [Seu et al., 2004, 2007]. For smooth
surfaces, the cross-track resolution is ~3 km [Seu et al., 2007]. SHARAD is sensitive to wavelength-scale
topographic features that contribute off-nadir surface clutter to the received echoes. However, the
subsurface interfaces discussed below are not visible in surface clutter simulations created using a facet-
based, geometric-optics radar model [Holt et al., 2006], and we therefore conclude that they are not clutter.

Figure 1. A map of the locations of flow basal interfaces detected by
SHARAD in the Tharsis region, shown on MOLA topography. From left to
right the orbit track observation numbers northwest of Ascraeus are
1375301, 1297501, 1354201, 1333101, 423301, 1234201, 814901, 189901,
1078601, and 1326501, respectively. Track 1756402 west of Ascraeus
Mons and the northern and southern flows along track 1728801 south of
Pavonis Mons are also shown above.
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SHARAD is able to detect subsurface interfaces most clearly north and west of Ascraeus Mons, with
additional detections south of Pavonis Mons (Figure 1). Focused radargrams of two of the tracks northwest of
Ascraeus Mons and the track west of Ascraeus Mons are shown in Figure 2. For this paper, we reanalyzed
the Carter et al. [2009a] tracks (423301, 1234201, 814901, 189901, and 1078601) for consistency and
error estimation, but we did not repeat the measurements for tracks 423301 and 1234201 since they were
already published. For track 1078601, we present results for a northern flow component that was not
measured by Carter et al. [2009a]. The track 1728801 south of Pavonis Mons has two visible flows along the
same track (Figure 3).

Figure 2. Focused radargrams of orbit tracks 1354201, 1326501, and 1756402 with bright subsurface interfaces visible in
the Tharsis region. (a and b) Tracks located northwest of Ascraeus Mons and (c) track located west of Ascraeus Mons.
The upper third of the image corresponds to the clutter simulation, confirming that the late time delay echoes in the
radargram (middle) are a subsurface interface. The lower third of the figure is the surface topography (MOLA color shaded
relief) of the area where the lava flow is located. For track 1354201, we were able to estimate both permittivity and
loss tangents values, whereas for track 1756402 we were only able to estimate a loss tangent. For track 1326501, a flow is
clearly detected but we were unable to estimate a permittivity or loss tangent value for this particular track.
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We can estimate the real relative
permittivity of the flows by comparing
the measured time delay of returns
from the subsurface with altimetry
measurements of the flow heights
relative to the surrounding plains. The
real relative permittivity, denoted by ε′,
can be calculated from

ε′ ¼ cΔt
2h

� �2
(1)

where h is the height relative to the
surrounding plains as measured
from MOLA topography and Δt is the
two-way time delay between the
surface and subsurface echoes
measured from the radargram. The
relative permittivity is defined as
the absolute permittivity divided by
the vacuum permittivity. This
equation could not be used to derive
permittivities for all of the lava flows
in the Tharsis region due to an
inability to accurately measure h in
areas with no surface expression of the

flow. For the lava flows where the real permittivity could be measured, northwest of Ascraeus Mons, ε ′
values ranged from 7.6 to 11.6, with a mean of 9.6 and a standard deviation of 1.9. Pumice, volcanic ash, and
tuff have permittivity values between ~2.5 and 3, whereas most terrestrial and lunar basalts have ε ′ values
between 7 and 11 [Carrier et al., 1991]. The permittivity values calculated for the flows northwest of
Ascraeus yield results that most closely resemble basaltic flows. The only plausible way for the real
permittivity values to be in the range of felsic (lower density) lavas would be if the flows were sitting in
topographic depressions so that the regional projection underestimated h (by just the right amount),
which seems unlikely based on the regional topography. For the flows south of Pavonis Mons, the flow west
of Ascraeus Mons, and the additional two lava flows northwest of Ascraeus Mons, it was not possible to
measure ε′, and analysis of these flows is restricted to their loss tangents.

The largest source of error in the real relative permittivity is measurement of the flow height from topography.
We assume that the flows sit above a flat surface that is an extension of the surrounding plains, and deviations
from this assumption will cause errors. In addition, the subsurface interface time delay values can only be
measured within one or two range cells, which causes an additional possible ~10m inaccuracy. We derived
1 sigma errors in the real permittivity by assuming a 2 range binmeasurement error on the radargram and a 5m
error on the topographic measurements. The 1 sigma real permittivity errors are displayed in Table 1.
However, it is not possible to know whether our initial assumption of a flat subsurface is correct, so these
are minimum errors on the calculated values. As an additional test of the accuracy of our permittivity
measurements, the orbit tracks in Carter et al. [2009a] were independently mapped and measured.
The permittivity values were within 2 of those calculated by Carter et al. [2009a]. Furthermore, the overall range
of permittivities we found was consistent with those of Carter et al. [2009a] as well.

In cases where the subsurface interface is visible at different depths, spanning tens of meters, it is also
possible to measure the loss tangent (tan δ) of the material [Campbell et al., 2008]:

tan δ ¼ ε ″

ε ′
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2*

λ
4πcΔt

ln Lð Þ
� �2

þ 1

" #2
� 1

vuut (2)

where λ is the SHARAD free-space wavelength of 15m and L is the power loss per unit of round-trip delay
time Δt. Separate fits of power loss versus time delay were made for all orbit tracks with a subsurface

Figure 3. Focused radargram of the orbit track 1728801 located south of
Pavonis Mons. An explanation of the upper, middle, and lower third of
the image can be found in Figure 2. This track has two visible subsurface
interfaces. The lava flow on the left side of the image corresponds to
the northern flow while the flow on the right side of the image corre-
sponds to the southern flow.
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interface detection. Examples of these fits for tracks
1728801 northern and southern flows, 189901, and
1375301 can be found in Figure 4.

We calculated loss tangent values for nine subsurface
interface detections in the Tharsis region (Table 1). Mean
loss values ranged from 7.8 × 10�3 to 2.9 × 10�2 with an
average of 1.0 × 10�2. These values are consistent with
terrestrial and lunar volcanic rocks, including basalts
[Carrier et al., 1991]. Loss tangents in this range (0.007–0.03)
imply a low to moderate concentration of radar wave
absorbing minerals such as ilmenite, hematite, or
magnetite. For two of the flows, 1078601 and 1326501, we
were unable to derive meaningful loss tangents. This could
potentially be caused by a rough subsurface in these
locations, which could cause large amounts of scatter in the
subsurface power measurements. The loss tangent
measurements also produce more statistically meaningful
results when the power is measured over a large range of
depths; however, the depth range was similar for
most flows.

The loss tangent measurements have both statistical noise
as well as possible systematic uncertainty due to internal
scattering. To address the statistical noise, we use the
1 sigma errors on the linear slope fit to compute a range of
loss tangents for each fit. These are shown in Table 1.
Scattering from within the flow, including from fractures
and embedded lava textures or air gaps, can also
contribute to a loss in echo power as the wave travels
through the lava flow. Our derived loss tangents can be
interpreted as an upper limit, because the scattering losses
are unknown and will also contribute to the observed
power loss with depth. Stillman and Grimm [2011]
compute Born scattering models at SHARAD frequencies
for plains subsurface reflectors and find attenuation
rates of 0.014–0.27 dB/m for a permittivity of 4. This
corresponds to scattering loss tangents of ~0.004–0.07. The
high end of this range coincides with areas that have no
SHARAD-detected subsurface reflections [Stillman and
Grimm, 2011], and the scattering loss must be fairly low for
the Tharsis area flows described here or we would not
detect interfaces. The statistical and systematic
uncertainties prevent us from determining whether the
Tharsis area flows have differing compositions, but our
derived range of values demonstrate that the flows
have generally low microwave loss.

3. Geologic Discussion

SHARAD does not detect subsurface interfaces beneath
distal flows far from the Tharsis volcanic summits and
rift zones. In particular, we find no interfaces beneath flows
east of Ascraeus Mons and beyond Fortuna Fossae out to
Echus Chasma (the region east of Figure 1). A majorityTa
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of the flows with subsurface interfaces occur north and west of Ascraeus Mons, with a few flows located
near the Pavonis/Arsia rift zone.

There are multiple reasons SHARAD may detect interfaces beneath some flows but not others. First, the
flows may have different compositions. It is possible that the original compositions were different, and
SHARAD preferentially detects basal dielectric interfaces only beneath flows with low-loss tangents. It has
also been noted that many SHARAD-detected interfaces occur in young terrains that date from very dry
climate periods in Mars history [Stillman and Grimm, 2011]. For older lava flows that may have been subject
to a wetter climate, small quantities of adsorbed water or minerals will increase the dielectric losses
[Stillman and Grimm, 2011]. Such alteration of the original rocks could make the basal interface of the flows
undetectable by SHARAD.

It is also possible that in this region SHARAD detects interfaces only in very flat areas where a significant
layer of low-density material such as dust or regolith has accumulated. A low-density surface deposit
would lower the permittivity contrast with the atmosphere and facilitates penetration of the radar wave into
the surface, while exposed rocky deposits would reflect more power and thus allow less of the sounder
signal to reach a basal interface. A simple model of transmission through dielectric layers can be used to
demonstrate this effect. Transmission into the surface at nadir incidence is

T ¼ 1�
ffiffiffiffiffi
ε2 ′

p � ffiffiffiffiffi
ε1′

pffiffiffiffiffi
ε2 ′

p þ ffiffiffiffiffi
ε1′

p
 !2

(3)

where ε1′ and ε2′ are the permittivity values of the top and bottom layers, respectively. The round-trip
attenuation upon passage through a layer can be written as [Campbell, 2002]

A ¼ exp � 4αhð Þ ; α ¼ 2π
λ

ε ′
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ tan2δ

p
� 1

� �h i1=2
(4)

where h is the thickness of the layer and ε ′ is the permittivity of the layer. Figure 5 shows the total round-trip
transmission and attenuation for mantling deposits with ε ′= 2 and varying thicknesses and loss tangents
overlying a lava flow with ε ′=9. Transmission is shown relative to that of a bare, unmantled lava flow. Meter-
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Figure 4. Round-trip time delay versus power loss for four flows. (a and b) Flows located northwest of Ascraeus Mons and
(c and d) flows located south of Pavonis Mons. The power versus depth data have varying degrees of scatter, but the loss
tangent values computed for these flows fall well within the range measured for basalts.
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scale layers of low-density (1–2 g/cm3), low-loss
(<0.05) dust can increase the transmission
into the lava flow relative to an unmantled surface.

Earth-based radar measurements at 12.6 cm
wavelength (S band) can provide an additional
test of this hypothesis [Harmon et al., 2012].
These shorter-wavelength signals penetrate no
more than a few meters into the surface. In the
Tharsis region, the Earth-based radar image
shows a variety of flow textures. Some are radar
bright, indicative of a rough surface, while other
areas of the flows are radar dark. These dark
regions are interpreted by Harmon et al. [2012] to
be covered in smooth mantling deposits. In
the radar-bright area east of Tharsis, SHARAD
does not detect any basal interfaces. The flow
interfaces detected by SHARAD are instead
concentrated in radar-dark regions, suggesting
that SHARAD may well preferentially detect flows
in regions covered by at least a thin layer of dust.

We can again use transmission models to assess
whether mantling layers can explain the
reflectivity difference observed by Harmon et al.

[2012]. The radar-dark Tharsis flows have reflectivities from �15 to �18 dB, and the radar-bright flows have
reflectivities from �6.1 to �9.2 dB, corresponding to a 6–12 dB difference in reflectivity at a normalized
incidence angle of 30° [Harmon et al. 2012]. Assuming a model with an upper dust layer with ε′= 2 covering
a lava flow with ε ′= 9, we can compare the reflected signal from a mantled lava flow to that of an
unmantled flow:

f ¼ reflection from mantled flow
reflection from bare lava flow

≅ 2AT2Re (5)

where A is the round-trip attenuation from
equation (4), T is the loss from transmission
through the surface/mantle interface, and Re is
the effective reflectivity of the buried interface
relative to its reflectivity in free space. The
transmission coefficients (1 R) at 30° incidence
into the dust layer are high, e.g., ~0.95, and the
ratio of reflection coefficients for a mantled
versus unmantled lava flow surface at 30°
incidence is about Re=0.5. Figure 6
illustrates how mantling layers with different
thicknesses and loss tangents affect the total
backscatter cross section of the surface. To
decrease the reflectivity by 6–12 dB, dust
layers of ~10–60 cm are needed for loss
tangents between 0.01 and 0.1. However, for
very low loss dust layers (0.001–0.01),
meters of dust are required to reduce the
reflectivity by the Harmon et al. [2012]
amounts. Low-loss meter-thick dust layers
would also substantially improve the SHARAD
penetration into the buried flows (Figure 5).
SHARAD detects subsurface interfaces
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varying thicknesses (x axis) and loss tangents (loss tangent
value marked on the right side of each plot line). The plot lines
were calculated using a mantling layer with ε′ = 2 and a lava
flow with ε′ = 9. Positive values indicate that transmission is
increased due to the presence of the mantling layer.
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Figure 6. The reflected power from a mantled surface relative to
the reflected power from an unmantled surface (equation (5)) for
multiple loss tangents (thin lines, loss tangent marked). In the
Ascraeus Mons area, differences in reflectivity between bright and
dark flows are 6–12 dB [Harmon et al. 2012]; this boundary is
marked on the plot with solid thick lines. For a range of loss tan-
gents, dust layers of ~10–60 cm can suppress the reflectivity by
the amounts measured by Harmon et al. [2012]. In the case of very
low loss dust layers, a couple meters of dust is needed to suppress
the S-band (12.6 cm wavelength) reflectivity by 12 dB.
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beneath some bright flows mapped in Harmon et al. [2012] (e.g., west Tharsis [Carter et al., 2011; Stillman
and Grimm, 2011]), so thick mantling layers are not always required for detection of subsurface interfaces in
volcanic areas, but in this area of Tharsis dust mantling almost certainly contributes to the observed radar
scattering behavior.

SHARAD will also not detect interfaces in areas where lava flows are stacked in sequence with minimal
density contrast. There is abundant evidence for pyroclastic volcanism during the development of the
Tharsis area [Mouginis-Mark, 2002; Brož and Hauber 2012], including the deposition of theMFF, which overlays
Tharsis volcanic flows that traveled west onto the plains [Fuller and Head 2002]. These episodes of tephra
deposition interspersed with effusive lavas would have created stratigraphic sequences with density
changes visible to radar sounding. The flows around Fortuna Fossae and east to Echus Chasma may have
been too distant from, or upwind of, the sites of pyroclastic activity. Alternatively, in many locations a stack
of flows several tens to hundreds of meters thick (i.e., too thick to penetrate with SHARAD) may have
formed in succession over a time period with no intervening dust or ash deposition.

In areas where SHARAD detects flow basal interfaces, we sometimes detect interfaces between different
stratigraphic layers. Northwest of Ascraeus Mons, we clearly see through the upper layer of lava flows, but
in cases like track 1375301 (Figure 1) we also see through a deeper interface. This portion of track 1375301
is located between two flows that lie on top of flat terrain. Based on superposition, we know that these
flows are younger than the surrounding terrain, yet we see an interface located directly under the flat terrain.
This indicates SHARAD-detected interfaces at different terrain depths and is able to record multiple
episodes of lava flows. This is similar to what we find in western Tharsis [Carter et al., 2011] and the
Elysium region [Morgan et al., 2013].

While most of the flows we identified have flat subsurface interfaces, in the region south of Pavonis we detect
an apparently concave subsurface reflector (Figure 3). This shape indicates preexisting topography that
was either circular (e.g., a buried crater) or cylindrical (e.g., a buried channel). Tracks slightly to either side did
not reveal the same feature, so we are unable to trace how far this subsurface feature might extend.

4. Conclusions

The SHARAD sounding radar survey of Tharsis shows that radar-detected basal flow interfaces are primarily
associated with rift zone volcanism on flat, dust-covered terrain. The permittivity and loss tangent
values calculated for the flows northwest and west of Ascraeus Mons, and south of Pavonis Mons, are
consistent with laboratory-measured values for terrestrial and (low- to moderate-titanium) lunar basalts.
Although it is not possible to determine whether the SHARAD-detected flows have a different composition
from other flows, greater dust cover, or a more contrasting dielectric interface, it is clear that Tharsis rift
zone volcanism produced flows with fairly similar bulk densities and loss tangents.

The results presented here and preliminary work for western Tharsis [Carter et al., 2011] also demonstrate
that there are clear differences in SHARAD-detected interfaces between Tharsis and the Elysium region.
In the Tharsis region, we do not see stacked interfaces at different depths, but these are typical in the
Elysium region [Morgan et al., 2013]. The Elysium region has outflow channels carved by groundwater
releases [Morgan et al., 2013]. One possibility is that the groundwater deposited low-density sediments that
contrast with the lava, making detection of stacked interfaces more probable. In the Tharsis region,
however, lava may frequently have been deposited on top of other lava, leading to a smaller likelihood of
multiple layer detection. Future work with numerical modeling and terrestrial analog studies, or rover-based
ground-penetrating radar, could help to determine if stacked interfaces are present in the Elysium region
but not at Tharsis.
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