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Abstract

We surveyed the subsurface structure of Chryse and Acidalia Planitiae using data from the Mars SHAllow RADar sounder
(SHARAD) onboard the Mars Reconnaissance Orbiter (MRO). Several subsurface reflectors were identified in these regions,
but these reflectors do not constitute apparent subsurface structures larger than 30 km. The bulk dielectric constants of the

uppermost layers at two locations were estimated as 5.3 and 5.9 from the combination of high-resolution images and topographic

data. These values were used to constrain the possible bulk porosity (approximately 28 % and 25 %) and the upper limit for

the volume fraction of water ice (743 % and “50 %). The estimated porosities of the shallow subsurface layers in these locations

can be explained by the emplacement of basaltic rock or till that may contain some ice-cemented regolith.



SN

© 00 o Ol

10

11
12

13
14

15

16

17
18

19
20

21

22
23

manuscript submitted to Geophysical Research Letters

Search for shallow subsurface structures in Chryse and Acidalia Planitiae on Mars

Aina Oura', Kasaba Yasumasa', Rina Noguchi?, Atsushi Kumamoto 3, Ken Ishiyama?*,
Tomohiro UsuiZ, Fuminori Tsuchiya', Chihiro Uemura®, Tomoki Kimura?

! Planetary Plasma and Atmospheric Research Center, Tohoku University, Aramaki-Aza-Aoba 6-
3, Aoba-ku, Sendai, Miyagi 980-8578, Japan

2 |nstitute of Space and Astronautical Science, Japan Astronautical Exploration Agency, 3-1-1
Yoshinodai, Sagamihara, Kanagawa 252-5210, Japan

¥ Department of Geophysics, Tohoku University, Aramaki-Aza-Aoba 6-3, Aoba-ku, Sendai,
Miyagi 980-8578, Japan

% National Institute of Technology Tsuruoka College, 104 Sawada, Inooka, Tsuruoka, Yamagata
997-8511, Japan

> SOKENDAI (Graduate University for Advanced Studies), 3-1-1 Yoshinodai, Chuo-ku,
Sagamihara, Kanagawa 252-5210, Japan

Corresponding author: Aina Oura (oura.a@pparc.gp.tohoku.ac.jp)

Key Points:

e We found subsurface reflectors at 22 locations across Chryse and Acidalia Planitiae.
They do not construct wide subsurface structures.

e The dielectric constants at two locations constrained the porosity and the upper limit for
the volume fraction of water ice.

e The estimated porosities of the shallow subsurface layers correspond to those of basaltic
rock or till.
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Abstract

We surveyed the subsurface structure of Chryse and Acidalia Planitiae using data from the Mars
SHAIllow RADar sounder (SHARAD) onboard the Mars Reconnaissance Orbiter (MRO).
Several subsurface reflectors were identified in these regions, but these reflectors do not
constitute apparent subsurface structures larger than 30 km. The bulk dielectric constants of the
uppermost layers at two locations were estimated as 5.3 and 5.9 from the combination of high-
resolution images and topographic data. These values were used to constrain the possible bulk
porosity (approximately 28 % and 25 %) and the upper limit for the volume fraction of water ice
(~43 % and ~50 %). The estimated porosities of the shallow subsurface layers in these locations
can be explained by the emplacement of basaltic rock or till that may contain some ice-cemented
regolith.

Plain Language Summary

We explored the subsurface structure on Mars using radar sounding data combined with high-
resolution images and topographic data. We identified scattered reflectors in Chryse and Acidalia
Planitiae, but these reflectors do not appear to constitute subsurface structures. The estimated
dielectric constants at two locations were 5.3 and 5.9. These values constrained the bulk porosity
(~28 % and ~25 %) and the upper limit for the volume fraction of water ice (~43 % and ~50 %).
The expected bulk porosity agreed that the uppermost layers of these locations could be basaltic
rock or till.

1 Introduction

Recently, studies have been conducted investigating the mid-latitude subsurface ice (e.g.,
discoveries of exposed ice sheets [Dundas et al., 2018] and the widespread presence of excess ice
[Bramson et al., 2015]). New discoveries of Martian ice are attributed to high resolution visible
images, spectrum and/or radar sounding data. Previous research identified the 1.2x10° km? area
in Arcadia Planitia and the 3.75x10° km? area in Utopia Planitia that are covered by ice
(Bramson et al., 2015; Stuurman et al., 2016). However, mid-latitude water ice is currently
unstable, as implied by climate models (Schorghofer and Aharonson, 2005). This controversy
could be attributed to the high obliquity of Mars, as it is possible that this obliquity may lead to
ice being carried from the polar caps to the mid-latitudes, where it is preserved as subsurface ice
(Jakosky and Carr., 1985). Information about the subsurface structure, and especially
underground ice, at mid-latitudes is therefore required to investigate this explanation for the
presence of current mid-latitude ice. This study is therefore focused on identifying the subsurface
structures in Chryse and Acidalia Planitiae (CAP).

The CAP regions are northern plains at which subsurface structures have not yet been
detected by radar sounding. One of the unique aspects of CAP is the presence of many Recurring
Slope Lineae (RSL) (Stillman et al., 2016), which are characterized by narrow dark features that
lengthen incrementally in a downwards direction on steep slopes, fade in colder seasons, and
recur annually. The origin of RSL is still under debate, with dry granular or briny water flows
still discussed (Huber et al., 2020). Candidate and confirmed RSL sites are mainly distributed
over four regions: the southern mid-Ilatitudes (SML), Valles Marineris (VM), the equatorial
highlands, and Chryse and Acidalia Planitiae (Stillman et al., 2016). The RSL of VM and CAP
are denser than those observed in other locations. As CAP are wide plains that reduce off-nadir
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surface echoes, it is preferable that the subsurface structure is more easily investigated by radar
sounding.

The CAP regions have experienced volcanism (Head et al., 2002), sedimentary
deposition (Kreslavsky and Head, 2002), and the effects of recent climate change (Mustard et al.,
2001; Costard et al., 2002). These regions are characterized by abundant outflow channels that
are thought to have been excavated by erosion resulting from catastrophic floods (Rodoriguez et
al., 2014), glaciers (Pacifici et al., 2009; Rodoriguez et al., 2014), CO,-charged debris flows
(Hoffman, 2000), H,O-charged debris flows (Tanaka, 1999; Rodriguez et al., 2006), and/or lava
flows (Leverington, 2011). Whether these materials were emplaced on a standing body of water
(Baker et al., 1991), as an ice-dominated unit (Carr, 1996; Clifford and Parker, 2001), or as
sediment-dominated effluents (Kreslavsky and Head, 2002) has additional implications regarding
the modification of the northern plains during the period between the late Hesperian and/or the
early Amazonian.

This study is a survey of the subsurface structures in the CAP regions with the objective
of clarifying the relationship between the subsurface structures and the geologic or topographic
features (e.g., RSL and outflow channels). Data from the Mars SHAllow RADar sounder
(SHARAD, Seu et al., 2007) onboard the Mars Reconnaissance Orbiter (MRO) were utilized,
combined with high-resolution images and topographic data. The bulk dielectric constants of the
uppermost layers were estimated using the exposed stratigraphy. We then discuss the materials
deposited in CAP according to the results of component calculations.

2 Methods

SHARAD gathers data over frequencies from 15 to 25 MHz with a bandwidth of 10
MHz, providing a vertical resolution of 15 m in a vacuum and approximately 8 m in water ice.
The spatial resolution is 0.3 to 1 km along the track and 3 to 6 km along the cross-track direction
(Seu et al., 2007).

The CAP region was surveyed using 217 SHARAD data that were provided by the
Geosciences node of the Planetary Data System (PDS), which cover the area lying approximately
19.5°N — 40°N, and from -55°E to -27°E, in order to examine the distribution of the subsurface
reflectors. Subsurface reflectors were identified at a resolution of 0.05° (approximately 3 km)
along the track. The Hann weighting function was applied to the data for ground processing, and
first and second sidelobes were expected with delays of 240 and 420 ns (Putzig et al., 2014).
Considering the delay time of the sidelobes, we divided the subsurface reflectors into five
categories (0—220, 220-260, 260-400, 400-440, and 440-3000 ns), and converted the delay time
in the radar data to the apparent elevation assumed in a vacuum in order to generate radargrams.
The radargrams usually contain off-nadir surface echoes known as ‘clutter’, which have a similar
delay time to the subsurface echoes. For the rejection of clutter echoes, we generated simulated
radargrams using the Kirchhoff Approximation Method based on the Mars Orbiter Laser
Altimeter (MOLA, Smith et al., 2001) -derived digital elevation model (https://pds-
geosciences.wustl.edu/mgs/mgs-m-mola-5-megdr-13-v1/mgsl_300x/meg128/) as given by Text
S2 of Noguchi et al. (2020). By comparing the observed radargrams with the simulated ones, the
clutter signals could be removed from the observed radargrams and the subsurface reflectors
were identified. We then obtained the 2-way time delay (At) and mapped the locations of
subsurface reflectors using QGIS (version 3.6).
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Using the same method as Noguchi et al. (2020), we also searched the exposed crater
walls close to the candidate reflectors using the images from High Resolution Imaging Science
Experiment (HIRISE) (McEwen et al., 2007). The depth (d) of the identified layers was
measured from the HIRISE digital terrain models (HiIRISE DTMs) produced by MarsSI
(https://marssi.univ-lyonl.fr/MarsSI/) (Quantin-Nataf et al., 2018). Three HIRISE DTMs were
available for the CAP regions (Figs. 1 and S1). The procedure used by MarsSl is: 1) the HIRISE
EDR images are imported (raw data) and calibrated, 2) the DTMs are created, and 3) the DTMs
are aligned with the data produced by MOLA. The stratigraphic columns were then generated
using StratGen (version 1.6.0), which is produced by the Indiana Geological Survey at Indiana
University, and the layers were classified into three types according to appearance: fine, coarse,
and very coarse (Noguchi et al., 2020). The fine layers contain no obvious boulders/rocks, very
coarse layers appear similar to fractured lava or boulder-rich rocks, and the coarse layers have an
intermediate appearance between the fine and the very coarse layers.

The plausible dielectric constant (ey,,x) can be derived from a combination of the 2-way
time delay in the radargram and the depth to the identified layer (d), using the equation:

_At C

d= —x
2 +/ €bulk
where c is the speed of light in a vacuum (3.0x10° m/s). The dielectric constant of a
mixture of rocks, vacuum, and water ice is given by:

3b
€pulk = Evacuum T 1—b €vacuum

b= €ice ~ €vacuum €rock ~ €vacuum
- (I)ice _ + q)rock _
€ice ~ €vacuum €rock ~ €vacuum

Where €,acuums Erocks @Nd €jce are the dielectric constants of vacuum, rock, and water
ice, respectively (Ishiyama et al., 2019). The volume fractions of rock and ice in a target layer
are depicted as & ek and d;ce, respectively. In this study, we applied €yac0um = 1, €ice = 3.15
(Matsuoka et al., 1997), and €.,q = 14.9 (Rust et al., 1999) based on Noguchi et al. (2020). We
also show the results of a component calculation for situations in which the dielectric constant of
non-porous rock is 8 in the supplementary information Text S3 so that the results can be
compared with previous studies. The probable materials comprising the uppermost layers were
estimated using these equations and parameters.

Figure 1. Surveyed outcrops and their interpreted stratigraphic columns. (A) and (B) are two
HIiRISE DTMs in the CAP regions derived from MarsSI. The locations are shown in Fig. 3. (A)
is DTM-[A] (HI_052222 2070 _053079_2070-ALIGN-DRG). (B) is DTM-[B]
(HI_003222_2055 018834 2060-ALIGN-DRG). Light blue arrows show the locations of the
exposed stratigraphy. (C) and (D) are the stratigraphic columns at each location. (C) is derived
from DTM-[A] and (D) is derived from DTM-[B].

3 Results

A total of 22 locations of scattered subsurface reflectors were found in the CAP regions
(Fig. 2). The average delay time of the subsurface reflectors differed from the delay time of the
sidelobes (220-260 ns and 400440 ns). The reflectors on the MRO footprint were at least 6 km
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in length, reaching a maximum of 15 km, and were spread over a wide area (15-350 km). Seven
subsurface reflectors were located near the mouths of outflow channels, as seen in Fig. 2. These
reflectors are short on the footprint (at 9 km or less) and are isolated at 25 km or more apart. In
addition, we noticed subsurface reflectors were located near the rampart craters. The closest
distance between the rampart crater and subsurface reflectors was 15 km, as shown in Fig. 2.

In order to investigate the structure of the layers in the subsurface, the exposed
stratigraphy in the selected area was drawn using two HIRISE DTMs (Fig. 1). This area of
interest (AOI: approximately 22°N — 33°N and from -47.5°E to -37.5°E in Fig. 2) covers several
geological units (Fig. 3). The reflectors in the AOI are relatively close together (25-170 km)
compared to the rest of the identified reflectors. The two HIRISE DTMs and the seven
subsurface reflectors (labeled (a), (b)-1, (b)-2, (c), (e), (f) and (h)) were located on the same unit,
AHcs (Smooth unit, Text S1); we therefore assumed that these reflectors potentially represent a
common subsurface structure that is linked to this unit. Furthermore, the stratigraphy comprising
both of the subsurface layers is exposed on the inner wall of the two DTMs because craters of
this size are deep enough for the subsurface structure to be observed. We therefore used the
method in which the bulk dielectric constants in this part of the AOI are calculated. The
candidate reflectors on the AHcs unit were less than 200 km apart, while the adjacent footprints
of the MRO surveyed in this study were at least 1.5 km apart, reaching a maximum distance of
30 km. Thus, our results do not support the presence of wide subsurface materials with large
permittivity contrasts that reach sizes of more than 30 km.

The exposed stratigraphy at the DTM-[A] (Fig. 1) consists of an uppermost fine layer
(Layer A-1) that is 46 m thick with a very coarse layer beneath (Layer A-2) that is 18 m thick.
Layer A-2 appears to be slightly darker than the other layers. A coarse layer (Layer A-3) can be
observed beneath these layers in the crater. In our analyses, we assumed that the radar reflection
is from the interface between Layer A-2 and Layer A-3 (depth: 64 m) as this is the most
plausible assumption from the estimated dielectric constants. As the subsurface reflector (e) in
Fig. 3 that is closest (85 km) to DTM-[A] has a delay time of 985 ns (apparent depth: 296 m), the
plausible dielectric constant is estimated as 5.3 (Fig. 4C). Considering the error in the results for
the depth/thickness of the DTM is £5 m (cf. Noguchi et al., 2020), the plausible dielectric
constant ranges from 4.6 to 6.3. We used these results for a component calculation and generated
a ternary contour diagram. The value of 5.3 is consistent with the 28% porosity for a rock-air
mixture and a rock-air-ice mixture of water ice contents ranging from 0 to 43% (Fig. 4D).

On the other hand, the exposed stratigraphy at DTM-[B] (Fig. 1) indicates that the
uppermost coarse layer (Layer B-1) is 36 m thick while the subsurface coarse layer (Layer B-2)
is only 20 m in thickness. A fine layer (Layer B-3) was observed beneath these layers deeper in
the crater. Again, we assumed that the radar reflector came from the interface between Layer B-2
and Layer B-3 (depth: 56 m). Since the delay time of the subsurface reflector (f) in Fig. 3 which
is closest (90 km) to DTM-[B] is 907 ns (apparent depth: 272 m), the plausible dielectric
constant is estimated as 5.9 (within the range 5.0 to 7.1, considering an error in the
depth/thickness of + 5 m) (Fig. 4G). The value 5.9 is consistent with the 25 % porosity for a
rock-air mixture and up to 50 % of the volume fraction of water ice for a rock-air-ice mixture
(Fig. 4H).

Figure 2. Distribution of subsurface reflectors in the CAP regions identified by SHARAD data
overlapped with (A) a geologic map (Rotto and Tanaka, 1995) and (B) MOLA elevation data.
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Colored circles show the locations of the identified subsurface reflectors, with information about
their delay times. Colored squares show the locations of the RSL sites with information about
their properties (Stillman et al., 2017). White arrows show the subsurface reflectors that are
located near the mouths of the outflow channels. White solid lines show the nadir tracks of the
SHARAD observations. Interpretations about the geological units are shown in Text S1 of the
Supporting Information.

Figure 3. Map of the AOI with the geological units. Green stars show the locations of DTM-[A]
and DTM-[B]. Colored circles show the locations of nine subsurface reflectors with their delay
times. (b)-1 and (b)-2 are on the same SHARAD orbit. DTM-[C] in Text S2 is at 34.1°N, -
43.0°E, which is close to (a).

Figure 4. Radargrams for DTM-[A] and DTM-[B] on SHARAD track ID #01845801 and
#02505101, respectively. (A) and (E) are the observed radargrams. The black arrows are the
locations of the reflector (e) and (f) in Fig. 3, respectively. (B) and (F) show the simulated
radargrams. (C) and (G) are estimations of the dielectric constants (red line) with the
stratigraphic information shown in Fig. 1. (D) and (H) are ternary contour diagrams of the bulk
dielectric constant for a mixture of rock, air, and water ice. The red line illustrates a dielectric
constant of approximately 5.3 and 5.9, respectively. The gray triangular zone indicates the
implausible porosities at the depth to the identified subsurface layer. The blue triangular zone
shows the pore-filling ice parameter space.

4 Discussion

In this study, we attempted to survey the two-dimensional distribution of the shallow
subsurface reflectors in the CAP regions and correlate the locations of reflectors with geological
units.

More than 10° km? of reflective features in the northern plains have been detected by
SHARAD (e.g., Arcadia Planitia [Bramson et al., 2015] and Utopia Planitia [Stuurman et al.,
2016]). However, our study suggested that there are no such wide shallow subsurface reflectors
at depths of less than 100 m in the CAP regions. One plausible explanation for the lack of wide
horizontal structures is the degradation associated with the formation of outflow channels.

However, as shown in Fig. 2, subsurface reflectors were found at 22 scattered locations.
We identified 7 locations of subsurface reflectors, which generally appeared to be near the
mouths of the outflow channels (Fig. 2). Geologically, Rotto and Tanaka (1995) interpreted the
region around a mouth (e.g. Kasei Valles, Ares Valles) as the boundary between the channel
floor and the lacustrine deposits, which suggests that the 7 reflectors represent the subsurface
boundaries of such geological units.

Our original motivation for this study was to search for subsurface characteristics that are
related to the RSL abundant in the CAP regions. However, we did not observe any features that
could be linked to the RSL sites in shallow subsurface regions such as the VM area (Noguchi et
al., 2020) and we could not conclude whether the origins of RSL are wet or not. Even if CAP
RSL are formed by the wet processes resulting from the presence of deep taliks (e.g. 750 m
depth in the VM and SML regions) via faults such as those proposed by Abotalib and Heggy
(2019), SHARAD has no capability of assessing such scenarios directly. In order to examine the
relationship between the radial and concentric faults and the CAP RSL, we attempted to search
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for faults in the HIRISE images of 11 craters in CAP that include RSL (red squares in Fig. 2).
However, some of the inner walls and the surfaces near the craters were covered by dust and
SHARAD can only reach depths of several hundred meters (Seu et al., 2007). We therefore could
not directly discount the deep taliks hypothesis.

This study also tried to constrain the bulk porosity of the uppermost layer via
combination with the DTMs generated at two locations. According to Morris and Johnson
(1967), the porosities of basalt and till (regarding particle size as sand) are 17 % and 31 %,
respectively. The bulk porosities of 25% and 28 % derived in this study do not contradict these
values. The shallow subsurface layers that lie above the subsurface reflectors might be explained
by the emplacements of basaltic rock or till. Martinez-Alonso et al. (2011) indicated evidence for
glacial and volcanic activity in CAP by observing the mesas that may be analogous to terrestrial
tuyas. This also suggests that complexes of basaltic rock and till may have been deposited in the
CAP regions.

The real dielectric constant for this area estimated by MARSIS lies between 4.0 and 9.0
(Mouginot et al., 2012). According to Morgan et al. (2020), the ice-consistency in the upper 5 m
of the CAP regions is estimated to be low (i.e., high rock-consistency). These studies suggest
that shallow subsurface of CAP consists of rocky materials and our result supports the suggestion
that the volume fraction of water ice is less than 50 %, indicating that the shallow subsurface of
the CAP regions consists of rocky materials rather than pure water ice.

The water ice on Mars has been traced by several remote sensing techniques and
numerical models. Rampart craters, which are commonly interpreted as indicating ground ice
(Carr et al., 1977), suggest the presence of stable icy layers. A shallow volatile layer that was
found by surveying rampart craters in Chryse Planitia has a depth range of 20-60 m (Demura
and Kurita, 1998). The CAP regions are known to have maintained a volatile ice layer that was
generated by outflow channels or oceans in the past. Our study indicates that the subsurface
reflectors are located near the rampart craters (the closest distance was 15 km), implying that
remnants of the volatile ice layer are still deposited under the CAP regions. Salvatore et al.
(2010) used the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) to reveal
that there was a shallow obscuration layer lying above the Hesperian basalt by observing craters
in the CAP regions. The surficial obscuration material is likely multifaceted and includes the
deposition of latitude-dependent mantle (LDM), which is related to the precipitation of ice and
dust from the atmosphere. Orgel et al. (2019) indicated that the LDM occurred ubiquitously from
44°N to 78°N in Acidalia Planitia. Thus, the possibility that remnant ice is still present within the
porous surface layer cannot be denied.

Jakosky and Carr (1985) calculated that a 2 km thick layer of ice could have been
removed from the poles under a Martian obliquity of 45°. This would result in a 40 m-thick layer
of ice at £45° in the low-mid latitude regions if it were uniformly deposited (Martinez-Alonso et
al., 2011). Ice may have been preferentially deposited in the CAP regions because of the high
thermal inertia in these areas (Mischna et al., 2003; Schorghofer and Aharonson, 2005).
Martinez-Alonso et al. (2011) suggested that it is possible that an ice-sheet reaching a few
hundred-meters thick accumulated in parts of CAP because the thickness of the local ice varies
according to atmospheric circulation patterns (Richardson and Wilson, 2002), thermal inertia,
and topography (Mischna et al., 2003). The volume fraction of water ice in a rock-air-ice mixture
derived in this study was less than 50 %. Thus, if local ice that was carried from the poles is still
present, water ice would be preserved as ice-cemented regolith, not pure water ice.
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5 Conclusions

A survey of the subsurface structure of CAP was carried out using MRO SHARAD data
and several locations were identified where subsurface reflectors are distributed. No wide areas
of subsurface materials with large permittivity contrast were observed. The scattered distribution
of the subsurface reflectors was correlated with geological units; however, no links with the RSL
sites were found.

We then used the delay time in the radar data and the plausible depth of the stratigraphic
exposure on the crater walls to constrain the bulk dielectric constants of the uppermost layers in
two locations. The estimated values of 5.3 and 5.9 suggest bulk porosities of 28 % and 25 % for
basaltic rocks and till, respectively. The bulk dielectric constants suggested upper limits of
approximately 43 % and 50 % for the volume fraction of water ice. This large porosity may
indicate that the subsurface layers can include pore-filling ice such as ice-cemented regolith if
local ice that was carried from the poles is still present.
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