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Abstract This paper presents our efforts to characterize the candidate landing region (109°-133°E,
23°-30°N) for Tianwen-1, China's first mission to Mars, in terms of engineering safety and scientific
significance. Topographic analysis reveals that the region has a low elevation around —4,230 m, and 98%
of the region have slopes smaller than 8°. The geomorphological mapping and analysis show that the
region has an average crater density of about 28 craters (=200 m in diameter) per 100 square kilometers,
with several clusters of high crater densities distributed around the center of the region. There are also
pitted cones distributed mainly in the southern part of the region, with a density of approximately

6.6 cones per 100 square kilometers in specific local areas. The region has rock abundances ranging

from 1% to 23%, with local clusters of low and high rock abundances. The region comprises four main
geological units, including a lowland unit formed in the Late Hesperian and a volcanic unit formed in the
Amazonian and Hesperian period. Their specific surface ages are estimated through the analysis of crater
size-frequency distribution. Combining the engineering constraints on surface slopes, crater density,

cone density, and rock abundance, a hazard map of the candidate landing region is generated for landing
site evaluation and safety assessment. Based on the results, we further discuss the potential scientific
outcomes from the exploration in this region. The findings will be helpful for the mission planning

and maximization of the scientific return from Tianwen-1, and complement existing Martian scientific
research.

1. Introduction

China's first Mars probe, named Tianwen-1, which means “heavenly questions” in Chinese, was successful-
ly launched on July 23, 2020, from the Hainan Island in Southern China. The Tianwen-1 probe comprises an
orbiter and a lander/rover composite, and aims to complete orbiting, landing, and roving in one mission (Ye
et al., 2017). The probe successfully entered orbit on February 10, 2021. The lander/rover will perform a soft
landing on the Martian surface 2-3 months after the arrival of the probe, and the orbiter will remain in orbit
to provide a relay communication link to the rover while performing its own scientific observations (Wan
et al., 2020). With the scientific payloads onboard both the orbiter and rover, Tianwen-1 will investigate the
Martian surface and sub-surface for its scientific objectives including: (1) the mapping of the morphology
and geological structure, (2) the investigation of the surface soil characteristics and water-ice distribution,
(3) the analysis of the surface material composition, (4) the measurement of the ionosphere and the char-
acteristics of the Martian climate and environment, and (5) the analysis of the physical fields and internal
structure of Mars (Wan et al., 2020; Zou et al., 2021).

As indicated in Grant et al. (2018) and Pajola et al. (2019), the identification of a Mars landing site is a
complex process that involves both engineering safety and scientific importance. This is also true for the
selection of a candidate landing region for Tianwen-1's lander/rover. The Tianwen-1 rover (Jia et al., 2020)
is about 1.85 m high, 2 m long, and weighs about 240 kg. The rover has six wheels, each has a diameter of
30 cm and is 20 cm wide. The height of its carriage bottom from the ground (i.e., rover ground clearance)
is 30 cm (Pan et al., 2020). It has four solar panels and mainly relies on solar energy to charge the batteries
of the onboard instruments. The rover is designed with an expected 90 sols (Martian days) lifetime, and
can travel on the Martian surface at a speed of about 200 m per hour. The scientific objectives of the rover
include: (1) investigation of topography and geological structure of the roving area, (2) surveying of the
soil structure of the roving area and searching for water ice, (3)analysis of elements, minerals and rock
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Table 1
General Engineering Requirements for Landing Region Evaluation

Parameter Requirement

Latitude 5°-30°N

Elevation <—3 km with respect to MOLA geoid
Slopes <8°

Rock abundance <7%

Crater/cone distribution A low density
>150 Jm s> K™

0.1 < Albedo <£0.26

Thermal inertial
Albedo

Abbreviation: MOLA, Mars Orbiter Laser Altimeter.

types of the roving area, and (4) investigation of physical characteristics
of the atmosphere and the surface environment of the roving area (Zou
et al., 2021). Table 1 lists the general engineering requirements for con-
sidering possible landing regions.

The selection of a candidate landing region for Tianwen-1's lander/rov-
er consisted of multiple steps. In the first step, three candidate regions
located within the latitude ranges of 5°-30°N were selected, based on
engineering constraints such as adequate solar illumination for opti-
mized power generation and moderate temperature, lower elevation
for longer deceleration time, and a flat terrain surface for safer landing
(Dong et al., 2019). These three candidate regions are located on the large
planitiae (plains) on Mars, namely Amazonis Planitia, Chryse Planitia,
and Utopia/Isidis Planitia, as shown by the red dashed polygons on the
color shaded relief of the Mars Orbiter Laser Altimeter (MOLA, Smith
et al., 2001) data in Figure 1a.

In the second step, the region on Amazonis Planitia was excluded due to its small thermal inertias (55.5

Jm_2 S—OAS

K™ in average) and heavier dust cover (Putzig et al., 2005). In the third step, the remaining two

regions were analyzed in detail in terms of elevations, slopes, rock abundances, crater densities, and geolog-
ical context. The region in Chryse Planitia was ruled out due to its rougher terrain surface and interesting
(Pajola, Rossato, Baratti, et al., 2016; Sefton-Nash et al., 2015), but complicated geomorphological features.
In the Utopia/Isidis Planitia, a region in the southern Utopia Planitia (delineated by the red solid-lined rec-
tangle in Figure 1a) was further selected as the candidate landing region, for its optimal combination of the
engineering constraints and scientific importance.

Figure 1b shows an overview of the candidate landing region (109°-133°E, 23°-30°N), which is an image
mosaic (6 m/pixel) generated from 260 Mars Reconnaissance Orbiter (MRO) Context Camera (CTX) images
using an image ortho-rectification and co-registration method (Hu et al., 2019). Figure 1c shows a geological
map (Tanaka et al., 2014) of the candidate landing region and its surrounding area. It is located in the south-
ern part of Utopia Planitia, the largest recognizable plain in the northern lowlands on Mars (McGill, 1989).
The third tallest volcano mountain on Mars, Elysium Mons, is approximately 250 km to the east. Nepenthes
Planum (a high plain/plateau), which defines the boundary between the sedimentary plains in the north
and the cratered highlands in the southern hemisphere, is approximately 500 km to the south.

As shown in Figure 1c, the west part of the candidate landing region represents a lowland unit on Utopia
Planitia, formed during the Late Hesperian period. Researchers suggested that Utopia Planitia possibly
contained ponded water/ice in Late Hesperian (Chapman, 1994; Ivanov et al., 2014; Scott et al., 1992). Some
lowland areas on Utopia Planitia might be formed by the degradation of ice-rich permafrost (Sejourne
et al., 2012). The east part of the candidate landing region sits on volcanic units that resulted from the Elysi-
um Mons in the east formed during the Late Amazonian period (Vaucher et al., 2009). The lava fields of Ely-
sium Mons have distinct geochemical and temporal differences between its southeastern and northwestern
fields (Susko et al., 2017). The remote sensing and in situ investigations in the candidate landing region by
the instruments onboard the Tianwen-1 orbiter and lander/rover may bring new insights on the existence
and history of water/ice in this region as well as the magmatism characteristics on Mars.

2. Topographic Characteristics of the Candidate Landing Region

Figure 2a shows a digital elevation model (DEM) of the candidate landing region generated from the MOLA
data with a spatial resolution of 463 m/pixel. The region features a low elevation ranging from —6,038 to
—3,275 m, with an average elevation of —4,230 m and a standard deviation of 189.5 m. It can be seen from
Figure 2a that the region is mainly flat, when considering a baseline of 463 m, except for some craters, chan-
nels, and ridges distributed in the region.

Based on the MOLA DEM, surface slopes within the candidate landing region were calculated and analyz-
ed. Surface slopes are the gradients of the elevations calculated at a specific baseline. For any point in the
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Figure 1. The candidate landing region of Tianwen-1. (a) Three candidate regions (red dashed lines) and the selected
candidate landing region (red solid lines) shown on a global color-shaded relief of MOLA data; (b) A CTX image mosaic
(6 m/pixel) of the candidate landing region (109°-133°E, 23°-30°N); (c) A geological map (Tanaka et al., 2014) showing
the selected candidate landing region and its surrounding area overlaid on the MOLA shaded relief.

gridded DEM, slopes along the horizontal and vertical directions are calculated, based on the distance and
elevation difference of at least two neighboring grid cells; and the square root of the sum of their squares is
determined as the maximum slope at that point. Figure 2b shows the slope map of the region derived from
the MOLA DEM with a baseline of 926 m (two pixels in the DEM). It reveals an average slope of 0.5°, with
the maximum slope of 37.9° and a standard deviation of 1.4°. The majority of the region has surface slopes
less than 2°. Large slopes are mainly distributed around craters, channels, and ridges.

Slopes will also need to be analyzed at a baseline similar to the lander footprint size for surface hazard
evaluation, which is 4 m in this research. However, slope analysis at the 4-m baseline requires DEMs of
higher resolution in meters. There are several DEMs (about 100 m/pixel resolution) generated from Mars
Express's High Resolution Stereo Camera (HRSC) images within the candidate landing region. However,
they only cover small segmented areas in the region. There is no higher resolution DEMs from CTX images
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(a) A color-shaded MOLA DEM of the candidate landing region.
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(b) Slope map based on the MOLA DEM with a baseline of 926 m.
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(c) Slope map based on the MOLA DEM (amplified to a baseline of 4 m) through a correlation
analysis with HiRISE DEMs.
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Figure 2. The digital elevation model (DEM) and slope maps of the candidate landing region. (a) A color-shaded Mars
Orbiter Laser Altimeter (MOLA) DEM of the candidate landing region. (b) Slope map based on the MOLA DEM with
a baseline of 926 m. (¢) Slope map based on the MOLA DEM (amplified to a baseline of 4 m) through a correlation
analysis with High Resolution Imaging Science Experiment DEMs.

available in this region. The images collected by the High Resolution Imaging Science Experiment (HiRISE)
onboard MRO offer a spatial resolution of 0.3 m/pixel, which can be used to generate meter-resolution
DEMs. However, there are only few stereo pairs of HiRISE images in the candidate landing region. In our
previous research (Wang & Wu, 2017), we presented a correlation analysis of slopes derived from DEMs
with different resolutions of the same terrain surface on Mars. First, slope maps were derived from HiRISE
DEMs (meter-level resolution) and a series of down-sampled HiRISE DEMs. The latter was used to simulate
low-resolution DEMs. Then the high-resolution slope map was down-sampled to the same resolution as the
slope map from the lower resolution DEMs. Thus, a comparison could be conducted between them pixel by
pixel. For each pixel on the slope map from the lower resolution DEM, it could reach a similar slope with
the down-sampled HiRISE slope by multiplying an amplifying factor. Seven sets of HiRISE images with
representative terrain types were used for correlation analysis, which revealed that the relationship between
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Figure 3. Analysis of slopes at different baselines based on High Resolution Imaging Science Experiment (HiRISE) and Mars Orbiter Laser Altimeter (MOLA)
digital elevation models (DEMs) covering the same local areas in the candidate landing region. (a) A relatively flat area; (b) A crater area.

the amplifying factors and the original MOLA slopes could be described by an exponential function. Ver-
ifications using DEMs from HiRISE and CTX images and MOLA datasets showed that after applying the
amplifying function, the updated MOLA slope maps better represented slopes in short baselines (e.g., 4 m
for HiRISE DEMs and 40 m for CTX DEMs) compared with the original slopes (926 m baseline for MOLA
DEMs). The same method was used here for the estimation of slopes at different baselines. DEMs with a res-
olution of 2 m/pixel were generated from the stereo pairs of HiRISE images available in the region. MOLA
DEMs were clipped to cover the same area as the HiRISE DEMs. They were then used for correlation anal-
ysis of slopes at baselines of 4 and 926 m, respectively. A slope amplification function was obtained from
the correlation analysis, which provides different multipliers for different slopes at the longer baseline so
that to reduce their differences with those calculated at the shorter baseline. Figure 3 shows examples of the
correlation analysis of slopes at two representative terrain types (a crater area and a relatively flat area) in
the candidate landing region. The average difference of slopes between the one calculated using the HiRISE
DEM at the 4-m baseline and the one from MOLA DEM at the 926-m baseline is 3.8° for the relatively flat
area. For the crater area, however, the average difference of slopes reaches 9.5°, indicating slopes are influ-
enced more by baselines on more fluctuant terrain surfaces. After applying the slope amplification function,
the average differences of slopes are reduced to 1.3° and 2.2° for the relatively flat area and the crater area,
respectively, indicating the mean errors for slopes on different terrain types estimated by this method.

It should be noted that, there are some limitations in the above estimation of slopes at a short baseline by
applying an amplification function to the slopes at a longer baseline. For example, the performance of the
approach is dependent on the resolution and precision of the slope map of the long baseline. Local devia-
tions from the amplification function may lead to imperfect slope amplification in local areas. Nevertheless,
it provides a way for evaluating the surface slopes at a short baseline in a large region, where the coverage of
high-resolution DEM:s is limited and slopes can only be calculated at a long baseline. It is also meaningful
for slope analysis over a large region, as in this case the statistics of slopes on a macro scale for landing site
evaluation is emphasized rather than the detailed slopes in local scales.

Figure 2c shows the slope map with a baseline amplified to 4 m, generated by using the slope amplification
function based on the MOLA DEM. It shows more topographic details compared with the one shown in
Figure 2b, even though both have the same color legend for slopes. Figure 2c reveals an average slope of
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4.6°, with the maximum slope of 65° and a standard deviation of 2.3°. The majority of the region has slopes
less than 8°. Similarly, large slopes are mainly distributed around craters, channels, and ridges.

3. Geomorphological Characteristics of the Candidate Landing Region
3.1. Crater Distribution

Craters are considered as possible hazards in the landing-site evaluation due to their internal slopes and
protuberant rims (Brady et al., 2009), especially for relatively young craters (Erkeling et al., 2012; Ivanov
et al., 2020; Pajola, Rossato, Carter, et al., 2016). The more the craters are distributed in a region, the more
dangerous is the terrain surface, which will reduce the flexibility in hazard avoidance during the descent
phase of the lander. The crater size-frequency distribution (CSFD) also provides useful information for in-
ferring the age of the Martian surface (Ivanov, 2001; Werner, 2014).

An active machine-learning approach (Wang & Wu, 2019) was developed and used for automatic crater
detection on the CTX image mosaic in this research. This approach involved two processes: training and
detection. The training process began with a classifier trained using dozens of manually identified positive
samples (craters) and negative samples (non-craters). This classifier was then applied to the image to gener-
ate an initial set of crater-detection results. Next, annotations for the detection results were requested, with
extra 3D information derived from the corresponding MOLA DEM and DEMs (with a spatial resolution
ranging from 75 to 100 m per pixel) generated from Mars Express's High Resolution Stereo Camera (HRSC)
data in local areas. For each detection result, four profiles (one in vertical, one in horizontal, and two in di-
agonal directions) were derived from the corresponding DEMs. If all the extracted profiles were in concave
shapes (see Figure S1), it was classified as a positive result; otherwise, it was classified as a negative result.
Based on the feedback, the annotated results were then added to the positive and negative training samples,
respectively. Thus, the training pool was updated and enriched. After several iterations, thousands of posi-
tive and negative samples can be automatically generated, allowing the classifier to be retrained to achieve
better performance. The final trained classifier was used for automatic crater detection on the images in the
region. The active machine-learning approach has a detection rate of about 90% on surface images of Mars
for craters with diameters of >20 pixels on the image (Wang & Wu, 2019); however, the detection rate will
be decreased for smaller craters. Therefore, in this research, we aimed to use the active machine-learning
approach to detect craters with diameters of >200 m based on the CTX image mosaic to ensure the best de-
tection performances. To guarantee the correctness and completeness of the final detected craters, a manual
checking process was further performed by several independent operators, using a grid with a cell size of
200 x 200 m overlaid on the CTX image mosaic, to remove artifacts and digitize missing craters. This man-
ual checking process accounted for about 10% of the total number of detected craters.

Finally, a total of 153,183 craters with diameters ranging from 200 m to 15 km were detected in the region,
as shown by the yellow circles in Figure 4a. Figure 4b shows examples of the detected craters (>200 m in di-
ameter) in a local area in enlarged views. Among all the detected craters, 68% have diameters of 200-300 m;
20% have diameters of 300-400 m; 6% have diameters of 400-500 m, and the rest 6% have diameters of
>500 m. It indicates an exponential growth of crater numbers along with the decrease of the crater size.
A crater density map was generated by counting the number of craters in a moving circular window of
100 km?, as shown in Figure 4c. It should be noted that, a larger circular window will generate a more
generalized crater density map; while smaller circular windows will generate sharper density maps. Crater
density maps using moving circular windows of 50 and 25 km? are provided in Figure S2 for reference. As
we are evaluating the crater densities in one local area relative to other areas within the candidate landing
region, the influences of different circular windows on the evaluation results can be neglected, as long as
the same circular window size is used for the entire region.

The crater distribution and density maps reveal that craters are concentrated in local regions such as in the
central-southern and the southeastern areas of the candidate landing region. The northern area has rela-
tively small crater densities compared with the southern area. The average crater density is approximately
28 craters (=200 m in diameter) per 100-km?, and the maximum is 207, which is attributable to a cluster of
secondary craters located around the center of the region (26.5°N, 118.5°E).

WU ET AL.

6of 19



Y U i

LN |
ra\“1%
ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2021EA001670

75 150 300 km

1 1 1 Ll 1 1 1 1 i Ll 1 1 1 1 1 1 1 1 1 1 1 1 1
109°E 1M1°E 1M3°E 115°E 17°E 119°E 121°E 123°E 125°E 1275E 129°E 131°E
(a) Distribution of craters (>200 m in diameter) in the candidate landing region.

a

26°40N-{S2

116°50'E 117°0'E 116°50'E
(b) Enlarged views of a local area showing examples of detected craters.

17°0'E

3 7 150 300 km

T T
113°E 115°E kb =

T T T T T T T T T T T T T 1
THOE 119°E 121°E 123°E 125°E 127°E 129°E 131°E 133°E

(c) Crater density map (number of craters in a moving circular window of 100 km?).

Figure 4. Crater distribution and density maps in the candidate landing region. (a) Distribution of craters (>200 m in
diameter) in the candidate landing region. (b) Enlarged views of a local area showing examples of detected craters. (c)
Crater density map (number of craters in a moving circular window of 100 km?).

3.2. Cone Distribution

The presence of small pitted cones on the northern plains of Mars has been widely recognized (Farrand
et al., 2005; Frey & Jarosewich, 1982; McGowan & McGill, 2007). Frey and Jarosewich (1982) presented that
most of the kilometer to sub-kilometer cones were located in parts of Eastern Acidalia and Utopia-Isidis-Ely-
sium Planitia, based on the investigation using Viking orbiter images. Farrand et al. (2005) investigated the
pitted cones in Acidalia Planitia and Cydonia Mensae and found morphological differences associated with
latitudes. The pitted cones located in the north of 40.5°N in Acidalia Planitia were larger and dome-shaped.
The southern cones located in Cydonia Mensae (30°N-40°N) were smaller and cone-shaped. Various ori-
gins of these pitted cones have been suggested, such as rootless cones (Bruno et al., 2006), mud volcanoes
(Oehler & Allen, 2010), terrestrial Maars (White & Ross, 2011), and pingos (MacKay, 1998). Most of them
are related to water or ice (McGowan & McGill, 2007). We also noticed many pitted cones distributed over
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(a) Distribution of cones in the candidate landing region.
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(c) Cone density map (number of cones in a moving circular window of 100 km?).

Figure 5. Cone distribution and density maps in the candidate landing region. (a) Distribution of cones in the
candidate landing region. (b) Enlarged views of a local area showing examples of detected cones. (c) Cone density map
(number of cones in a moving circular window of 100 km?).

the candidate landing region in the southern part of Utopia Planitia. They are considered as possible haz-
ards in the landing-site evaluation due to their sudden protruding from the terrain surface and steep slopes.
Meanwhile, they are also of particular scientific interest as they may indicate the presence of water or ice
near the surface (Bruno et al., 2006; McGowan & McGill, 2007).

We manually digitized 2,503 pitted cones visible on the CTX image mosaic, as shown in Figure 5a. Figure 5b
shows examples of the detected cones in a local area in enlarged views. Their diameters range from 40 m to
1.7 km, with an average diameter of 550 m. The majority of them have diameters of 400-600 m. The sizes of
the cones distributed in this region are similar to those identified in Cydonia Mensae (with a mean diameter
of ~542 m) by Farrand et al. (2005). A cone density map was generated by counting the number of cones
in a moving circular window of 100 km?, as shown in Figure 5c. Similarly, the cone density maps using
moving circular windows of 50 and 25 km” are provided in Figure S3 for reference. The cone distribution
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Figure 6. Examples of cones and cone profile. (a) Examples of cones in a High Resolution Imaging Science Experiment image (ESP_043896_2055) and the
corresponding digital elevation model. (b) A cone profile along the red dashed line.

and density maps show distinct clusters, mainly distributed in the southwestern and central-southern areas
of the region. The northern areas are almost cone free. The representative local areas with moderate cone
densities (e.g., the cyan and yellow pixels in Figure 5c) have an average cone density of approximately 6.6
cones per 100-km?, and the maximum is 54.

Figure 6a shows examples of these cones in a HiRISE image (ESP_043896_2055) with a resolution of 0.3 m/
pixel, on which the asymmetric aprons of the cones and their summit pits are clearly visible. The right
panel in Figure 6a is a color-shaded DEM (1 m/pixel) of the same area generated from photogrammetric
processing of a pair of stereo HiRISE images (ESP_043896_2055 and ESP_044885_2055). Figure 6b shows
an elevation profile of a cone along the red dashed line in Figure 6a, derived from the 1-m resolution DEM.
The profile indicates that the cone has a diameter of ~1 km, a height of ~70 m, and a wall slope of ~15°.
The summit pit has a diameter of ~400 m and a depth of ~12 m.

3.3. Rock Abundance

Rocks can also be one of the most dangerous hazard for a lander and rover. Rock abundance (Golombek
& Rapp, 1997), which is a measure of the cumulative fractional area covered by rocks with respect to the
rock diameter, is a critical factor for landing-site evaluation (Golombek et al., 2003, 2012; Mastropietro
et al., 2020; Pajola et al., 2017; Wu et al., 2018, 2020). Researchers have used ground-based images collected
by cameras mounted on-board landers or rovers to analyze the rock abundance on Mars. Golombek and
Rapp (1997) presented an exponential function of the rock abundance model based on rock measurements
at the two Viking landing sites, which has been widely used to represent rock abundance on the Martian
surface as it favorably matches the rock size-frequency distribution curves from real measurements taken
from ground images at different landing sites, such as those of NASA's Mars missions: Mars Pathfinder
(MPF) (Golombek & Rapp, 1997), Mars Exploration Rover (MER) (Golombek et al., 2003), and Mars Sci-
ence Laboratory (Golombek et al., 2012).
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However, direct measurements of rocks in images require very high-resolution imaging. High-resolution
ground-based images of the Martian surface are only available from several existing landing sites, and
high-resolution orbital images such as those from the HiRISE only cover a small portion of the surface.
Thus, thermal emission data obtained from orbiters such as the Viking Infrared Thermal Mapper (IRTM)
(Christensen, 1986) and the Mars Global Surveyor (MGS) Thermal Emission Spectrometer (TES) (Nowicki
& Christensen, 2007) were also used to study rock abundances on the Martian surface (Pajola et al., 2019).
The resulting rock-abundance maps provide global coverage, although the map resolution is low (e.g., 1
pixel/degree for the IRTM data). These maps nevertheless provide useful clues on rock abundances on large
scales, which is important for landing-site evaluation over large areas. Golombek et al. (2012) stated that the
IRTM rock-abundance values are very similar to the ground measurements at several landing sites, such as
the two Viking landing sites, the MPF landing site, and the two MER landing sites. Therefore, this study also
used the IRTM data to evaluate the rock abundance in the candidate landing region.

Figure 7a shows an IRTM rock-abundance map of the candidate landing region, which exhibits various
rock abundances ranging from 1% to 23% over the region, with local clustered areas of low (the blue and
cyan cells) and high (the red, brown, and yellow cells) rock abundances. To validate the IRTM rock abun-
dance, we selected four local areas of low (marked as A and B in Figure 7a) and high (marked as C and D)
rock abundances that also had HiRISE image coverage for analysis.

Rocks (>1 m in diameter) were detected on the HiRISE images using an automatic algorithm (Li &
Wu, 2018) followed by manual checking. First, the shadows cast by rocks were detected based on the varia-
tions of brightness gradients along the illumination direction. Then, the rocks were represented by ellipses
fitted from the clusters of shadow pixels. Finally, a manual checking process on the automatically detected
rocks was conducted to exclude false detections and add omitted rocks, to guarantee the reliability of the
detection results. The detected rocks were then used to estimate the rock abundance values by fitting the
cumulative size-frequency distribution of rocks in a 450 X 450 m window to the rock-abundance model. The
rock-abundance values were sampled every 150 m to generate a rock-abundance map for each local area.
Figure 7b shows the rock-abundance maps of the four local areas based on rock detection from HiRISE
images. Figure 7c shows examples of rocks detected on the HiRISE images, and fitting of rock size-fre-
quency distributions in local windows (black boxes on the HiRISE images) to the rock abundance model
(Golombek & Rapp, 1997).

Table 2 summarizes the comparison between the rock abundances derived from the IRTM data and the
HiRISE images at these four local areas, which shows that there is generally good consistency between
the IRTM rock-abundance and the mean rock-abundance derived from HiRISE images. It can also be seen
from Table 2 that areas C and D have large standard deviations. This is due to these two areas having large
craters, around which the rock abundances are rather high, while the rock abundances for non-crater areas
are much lower, as shown in Figure 7b. It is also noticeable that most rocks are concentrated around large
craters, and that they are usually distributed on the crater wall or outside the craters in a radiating pattern.

4. Geological Units and Surface Ages of the Candidate Landing Region

In terms of the geological characteristics of the candidate landing region, we first investigated the geolog-
ical units in the region based on the global geological map of Mars released by the U.S. Geological Survey
(Tanaka et al., 2014). Geological units on the Martian surface are delineated based on characteristics that
establish geological uniqueness, such as formational morphology, surface texture, infrared brightness, albe-
do characteristics, stratification, relative age, and spatial geological associations. According to the geological
map of Mars (Tanaka et al., 2014), the candidate landing region was divided into four geological units as
shown in Figure 8a, comprising two from the Amazonian period (<~3 Ga), namely an Amazonian and
Hesperian volcanic (AHv) unit and an Amazonian volcanic (Av) unit, and two from the Late Hesperian
period (~3-3.4 Ga; Hartmann, 2005), namely a Late Hesperian lowland (IHI) unit and a Late Hesperian
transition (1Ht) unit.

A crater size-frequency distribution (CSFD) analysis was conducted to estimate the specific surface ages
of the geological units in the candidate landing region. Craters detected from the CTX image mosaic (as
described previously) were used for this purpose. To minimize the influence of secondary craters on the
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Figure 7. Rock abundance at the candidate landing region. (a) Infrared Thermal Mapper (IRTM) rock abundance at the candidate landing region. (b) High
Resolution Imaging Science Experiment (HiRISE) rock abundance at four sampling locations. (c) Detected rocks on HiRISE images (ESP_018446_2050,
ESP_037566_2065) (left) and fitting of rock size-frequency distributions to the rock abundance model (right).

reliability of age estimation, only large craters (=800 m in diameter) were used, and possible secondary cra-
ters were manually identified and excluded. The identification of secondary craters was based on clues such
as their distribution and visual distinctness from primary craters (Robbins & Hynek, 2014; Wu et al., 2019).
For example, Figure 4a shows a few local regions of crater clusters with apparent radial patterns, which
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Table 2
Comparison of IRTM and HiRISE Rock Abundance (RA) in Four Local Areas
HiRISE RA
Area Center IRTM RA Mean Std dev. HiRISE image no.
A (110.05°E, 24.64°N) 1%-7% 8% 4% ESP_046929_2050
B (110.45°E, 25.08°N) 1%-6% 5% 3% ESP_044885_2055
C (112.52°E, 24.59°N) 17% 17% 14% ESP_018446_2050
D (114.81°E, 26.10°N) 11%-21% 17% 15% ESP_037566_2065

Abbreviations: IRTM, Infrared Thermal Mapper; HiRISE, High Resolution Imaging Science Experiment.

might be secondary craters of some primary craters in the far distance. After removing possible secondary
craters, the surface ages of the geological units in the candidate landing region were then estimated using
CraterStats software (Michael et al., 2010) based on the crater chronology function (Hartmann & Neu-
kum, 2001), as shown in Figure 8a. Figure 8b shows the cumulative crater size-frequency plots for each
unit. The shaded regions on the plots indicate different Martian epochs (Ivanov, 2001; Hartmann & Neu-
kum, 2001; Tanaka et al., 2014), including Late, Middle, and Early Amazonian; Late and Early Hesperian;
and Late, Middle, and Early Noachian, from left to right.

Our results are consistent with the geological-time division given by Tanaka et al. (2014), but provide a
more specific chronological sequence of the four geological units. The oldest is the 1HI unit (3.34£:8§ Ga),

representing a lowland unit on Utopia Planitia, which covers 61% of the candidate landing region in its
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Figure 8. Geological units and their estimated surface ages in the candidate landing region. (a) The geological units and their estimated ages and (b) Crater
size-frequency plot for each unit.
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western part. The IHt unit (3.3 13;23 Ga), located at the south-eastern corner of the candidate landing region,
is slightly younger than the 1HI1 unit, which is close to the boundary between the lowlands in the north and
the highlands in the southern hemisphere. The AHv and Av units are younger at 3.001’8:?3 Ga and 2.83f8§(5)
Ga, respectively. These two units are volcanic units that likely formed from the lava flows and pyroclastic
deposits from the nearby Elysium Mons in the east. The Av unit is younger than the AHv unit, possibly due
to the subsequent hydro-interactions with the pyroclastic deposits, as many long channels are visible in the

Av unit (also refer to the northeastern part of the color-shaded DEM shown in Figure 2a).

5. Evaluation of the Candidate Landing Region
5.1. Joint Topographic and Geomorphological Analysis for Surface Hazard Evaluation

The topographic (elevations and slopes) and geomorphological (distributions of craters, cones, and rocks)
characteristics are important engineering considerations in landing site evaluation, to avoid hazards during
touchdown of the lander and ensure better maneuverability of the rover. As described previously, the candi-
date landing region overall has a low elevation around —4,230 m, which is favored for sufficient atmosphere
to slow the lander during the descent phase. This paper further analyzes the slopes, crater density, cone den-
sity, and rock abundance over the candidate landing region for surface hazard evaluation. It should be noted
that, the candidate landing region has relatively homogenous thermal inertia (246 Jm™~%s~"* K™' in average
with a standard deviation of 32 Jm >~ K™') and albedo (0.21 in average with a standard deviation of 0.02)
based on the global thermal inertia and albedo maps (Putzig et al., 2005), which satisfies the engineering
requirements well. Therefore, they are not included in the following analysis.

First, a surface slope constraint of <8° at a baseline of 4 m is imposed to ensure the stability of the lander
during touchdown. This requirement is inherited from the successful Chang'E-3 (Wu et al., 2014) and
Chang'E-4 (Wu et al., 2020) lunar soft-landing missions. The slope map of the candidate landing region
shown in Figure 2c is classified into two categories: <8° and >8°, and the classified slope map is shown in
Figure 9a. In the candidate landing region, 98% (blue areas) have slopes of <8°, and the other 2% (red areas)
have slopes of >8°, mainly distributed around craters, channels, and ridges.

Second, for crater distribution, a lower crater density is preferred, as the internal slopes and protuberant
rims of craters are potential hazards for safe landing. Places of high crater densities will lead to reduced flex-
ibility of hazard avoidance during the descent phase of the lander. Besides, the lander should avoid landing
in any small craters to allow the maximum maneuvering capability of the rover. Among all the detected
craters (=200 m in diameter) in the candidate landing region, 88% of them have diameters of 200-400 m.
Taking an average crater diameter of 300 m for consideration, 70 craters will cover an area of about 5 km?,
which accounts for 5% of the unit area of 100 km? used for generating the crater density map. Therefore, this
study selects a crater density of 70 craters (=200 m) per 100 km” as a constraint for classification of the crater
density map, which indicates a 5% risk for the lander to land in a crater (>200 m). The classified crater den-
sity map is shown in Figure 9b. Ninety-five percentage (blue areas) of the region have crater densities less
than the constraint, and the remaining 5% (purple areas) have crater densities larger than the constraint. It
should be noted that, this study focuses on craters >200 m in diameter; while smaller craters will have high-
er densities, and the actual risk for the lander to land in a crater might be higher. Nevertheless, this analysis
is meaningful, as we are interested in the evaluation of the landing region of relatively favorable conditions
of crater density on large scales.

Third, a similar strategy is used to evaluate the cone densities. The detected pitted cones in the candidate
landing region have an average diameter of 550 m. Twenty one cones will cover an area of about 5 km?,
which accounts for 5% of the unit area of 100 km” used for generating the cone density map. Therefore, a
constraint of 21 cones per 100 km? is used for classification of the cone density map, which indicates a 5%
risk for the lander to land in an area with a cone. Figure 9c shows the classified cone density map. 99.3%
(blue areas) of the region have cone densities less than the constraint. Only several segmented places (brown
areas) located close to the southwestern and northeastern corners of the region have high cone densities.

Forth, regarding the rock abundance, the constraint on rock abundance is related to the ability to tolerate
rocks while landing as well as roving. Seven percentage is considered as the upper ceiling of rock abundance
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Figure 9. Joint topographic and geomorphological analysis for surface hazard evaluation. (a) Classified slope map
based on the MOLA digital elevation model (amplified to a baseline of 4 m), (b) Classified crater (>200 m in size)
density map, (c) Classified cone density map, (d) Classified rock abundance map and (e) Hazard map.

for a favorable landing site, considering the probability of encountering a rock hazard during landing and
the rover traverse performance. The IRTM rock abundance map of the region is classified into two catego-
ries: <7% and >7%, as shown in Figure 9d. About 21% (blue areas) of the region have rock abundances <7%,
and about 79% (yellow areas) of the region have rock abundances >7%.

Finally, combining the above constraints of slopes, crater density, cone density, and rock abundance, a haz-
ard map of the candidate landing region is generated through an overlay analysis of each classified map, as
shown in Figure 9e. It shows the distribution of local areas with relatively large slopes (red), crater densities
(purple), cone densities (brown), and rock abundance (yellow). These local areas are considered to be un-
favorable for a safe landing. The blue areas in Figure 9e indicate local areas of relatively low hazard, which
could be potential landing sites.
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5.2. Scientific Implications

Remote sensing and in situ investigations of the candidate landing region will address the scientific objec-
tives of the mission, in terms of Martian morphology, geology, mineralogy, and water-ice distribution. The
investigations will also help to update our knowledge about several important scientific questions on Mars,
for example, the existence and history of water/ice and the magmatism characteristics on Mars.

Researchers suggested that Utopia Planitia possibly contained ponding water/ice in ancient times based on
various clues (Chapman, 1994; Ivanov et al., 2014; McGill, 1989; Scott et al., 1992). McGill (1989) described
the existence of a circular depression buried beneath Utopia Planitia, representing a very large impact ba-
sin. Scott et al. (1992) noted the evidence for a lacustrine basin in Utopia and suggested the occurrence of
water/ice processes in the basin. Chapman (1994) suggested the existence of a frozen paleolake in Utopia
Planitia as recently as 1.8 billion years ago, based on a basal scarp around the northwest flank of Elysium
Mons and geomorphological features such as hyaloclastic ridges and hills, table mountains, and fluvial
channels. Ivanov et al. (2014) investigated the morphology of impact craters and mud volcanism in Utopia
Planitia, and stated the likely existence of water/ice in Late Hesperian period. In situ investigations at sev-
eral possible landing sites with low hazard in the candidate landing region may provide new insights into
the existence and history of water/ice in this region. Examples of these possible landing sites include the
westernmost blue box and the large blue box close to the middle-eastern boundary of the region, as marked
by “A” and “B” in Figure 9e. There are abundant fresh craters observed in these local areas from our crater
mapping identification. These fresh impact craters offer exposures of less dusty materials, and provide op-
portunities to explore the mineralogical compositions from remote sensing data (Viviano et al., 2019). Our
preliminary investigation based on the spectral analysis of observations from the Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM) at several fresh craters with sizes of kilometers in the region has
revealed an abundance of hydrous minerals inside or around the craters. Figure 10 shows an example of
detected hydrous minerals from the CRISM data around a fresh crater (about 7 km in size) located in the
local area “B." Access to these fresh craters by the rover and in situ measurements by its onboard mul-
tispectral camera will help to confirm and discover hydrous minerals of different types. Moreover, there are
several fluvial channels across the area. Possible access to these channels by the rover may provide useful
information about the existence of past water/ice there and the formation and history of these channels.
The possible access of hydrous minerals in the candidate landing region will be valuable for the search for
water/ice and evidence of past life. Hydrous minerals are produced by the hydrothermal alteration and
weathering of primary basaltic minerals on Mars (Ehlmann et al., 2011; Schwenzer & Kring, 2009). Some of
the mineral classes may have formed in environments that are suitable (i.e., containing sufficient water and
at the correct pH) for life to evolve (Farmer & Des Marais, 1999). The investigation of hydrous minerals in
the candidate landing region will also be useful for determining the hydrothermal evolution of the region.

The abundance of pitted cones in the candidate landing region is also of particular interest. These cones are
mainly distributed in the late Hesperian lowland (IH1) unit (refer to Figures 5 and 8) in the southern area.
There are several hypotheses for the origin of these cones. One is rootless cones similar to those found in
Iceland on Earth, which were formed due to explosive interactions between surficial lavas and near-surface
groundwater (Bruno et al., 2006). Hydro-volcanic interactions between ascending magma and subsurface
water or water ice may explain the formation of these rootless cones on Mars (Broz & Hauber, 2013). Other
hypotheses include, for example, mud volcanism (Farrand et al., 2005; Skinner & Tanaka, 2007) and terres-
trial Maars (White & Ross, 2011). Farrand et al. (2005) noticed morphological differences of pitted cones
from south to north in the north plain, and suggested more water was available at the time and locations
of the eruptive processes that formed the northern cones. Ivanov et al. (2014) studied etched flows around
the central portion of Utopia Planitia, and stated that the morphology and pattern of degradation of these
etched flows were inconsistent with lava and, instead, due to mud volcanism. There are abundant cones in
the local area “A” as shown in Figure 9e. Closer access by the rover to some of these pitted cones in the area
may identify important features for detecting the presence or signature of volatiles (i.e., water or ice) in the
near-surface environment on Mars.

Mineralogic investigation on the volcanic unit related to the nearby Elysium Mons, for example, the local
area “B” on the Amazonian and Hesperian volcanic (AHv) unit in the eastern part of the candidate landing
region as shown in Figure 9e, will provide direct measurements of mineralogic compositions of the surface
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Figure 10. An example of hydrous minerals detected from Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) data in the candidate landing
region. (a) The CRISM image (FRT000093B3) showing a fresh crater of ~7 km in diameter and the CRISM mineral parameter map (Fe/Mg clay minerals in red:
D2300, Olivine minerals in green: OLINDEX3, Al clay minerals in blue: BD2210_2); (b) Rationed CRISM I/F spectra; (c) Library spectra of clay minerals (illite,
nontronite, saponite, serpentine, and vermiculite) for reference. The gray lines show absorptions at wavelengths of 1.4, 1.9, and 2.28 pum.

materials. They will offer new ground truth about the volcanism on Mars (Viviano et al., 2019). These new
data, together with existing knowledge (Susko et al., 2017), will facilitate a better understanding of the
geochemical properties and temporal sequences of the lava fields of Elysium Mons, which will afford new
insights into the magmatic processes and mantle heterogeneity on Mars.

6. Conclusions

In this study, we described our efforts for selection and characterization of the Utopia Planitia candidate
landing region for Tianwen-1, China’s first mission to Mars. The region has a low elevation ranging from
—6,038 to —3,275 m, with an average elevation of —4,230 m. The surface slopes of the region have an aver-
age of 4.6°, with 98% of the region having slopes of less than 8°. Large slopes are mainly distributed around
craters, channels, and ridges. A total of 153,183 craters with diameters ranging from 200 m to 15 km were
detected in the region, with 88% of them having diameters of 200-400 m. The region has an average crater
density of about 28 craters (=200 m in diameter) per 100 km?, with several clusters of high crater densities
distributed around the center of the region. A total of 2,503 pitted cones with diameters ranging from 40 m
to 1.7 km were recognized in the region, with an average diameter of 550 m. They are distributed mainly in
the southern part of the region, with a density of approximately 6.6 cones per km? in representative local
areas. The region has rock abundances ranging from 1% to 23% based on the IRTM data. Measurements
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of rocks on HiRISE images at four local areas in the region indicate a generally good consistency between
the IRTM rock-abundance and the mean rock-abundance derived from HiRISE images. The region com-
prises four geological units, with their specific surface ages estimated through CSFD analysis. The 1HI unit
(3.34f8j8§ Ga), representing a lowland unit on Utopia Planitia, covers 61% of the candidate landing region in

its western part. There are two volcanic units, the AHv unit (3.007)5 Ga) and Av unit (2.83703% Ga), located

in the northeastern part of the region. There is also a small IHt unit (3.3 11'8:(2)3 Ga) located in the southeastern

corner of the region.

Combining the engineering constraints on surface slopes, crater density, cone density, and rock abundance,
a hazard map of the candidate landing region is generated for landing site evaluation. Based on the results,
we further discuss the potential scientific outcomes from the exploration in this region. Two local areas
(marked by "A" and "B" in Figure 9¢) in the candidate landing region are highlighted for their low hazard
considering engineering safety and scientific significance in terms of the existence and history of water/
ice and the magmatism characteristics on Mars. The findings and results from this research will be helpful
for the mission plan and maximization of the scientific returns from Tianwen-1, and complement existing
Martian scientific research.

Data Availability Statement

The MRO CTX and HiRISE data are available at the Mars Image Explorer (https://viewer.mars.asu.edu/
viewer/ctx#T=0). The generated results of craters, cones, rocks, and geological units are available at Zenodo
(http://doi.org/10.5281/zenod0.3972675).
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