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Abstract: The age of Mars yardangs is significant in studying their development and the evolution of
paleoclimate conditions. For planetary surface or landforms, a common method for dating is based
on the frequency and size distribution of all the superposed craters after they are formed. However,
there is usually a long duration for the yardangs’ formation, and they will alter the superposed
craters, making it impossible to give a reliable dating result with the method. An indirect method by
analyzing the ages of the superposed layered ejecta was devised in the research. First, the layered
ejecta that are superposed on and not altered by the yardangs are identified and mapped. Then, the
ages of the layered ejecta are derived according to the crater frequency and size distribution on them.
These ages indicate that the yardangs ceased development by these times, and the ages are valuable
for studying the evolution of the yardangs. This indirect dating method was applied to the areas of
Martian yardangs in the Medusae Fossae Formation (MFF). The ages of the selected six layered ejecta
range from ~0.50 Ga to ~1.5 Ga, indicating that the evolution of the corresponding yardangs had
been ceased before these times. Analysis of more layered ejecta craters and superposed yardangs
implies that yardangs in the MFF have a long history of development and some yardangs are still in
active development.

Keywords: Martian yardangs; age; layered ejecta crater

1. Introduction

Mars has a variety of aeolian landforms [1-6], and a yardang is an important example.
Yardangs are widely distributed on the Martian surface, and it is significant for studying the
Martian history of surface processes [7]. There have been many studies on their topography,
distribution, and significance related to the past wind process [1,3,8-13]. For example,
yardangs on Mars have been used as paleoenvironmental markers because the orientations
of Martian yardangs are congruent with that of present-day bedform migration [14]. It
has also been observed that Martian yardangs are dominated in N-S trend in equatorial
regions, which is consistent with the orientation of the near-surface Hadley cell across the
equator [7,13]. However, due to the lack of suitable methods and data sets, the chronology
of Martian yardangs was rarely studied, although it is extremely important to the related
analysis, such as the environmental evolution of the Martian surface [5,14].

The study of the formation age of yardang landforms is a basis to estimate the wind
erosion rate in the yardang regions, and it is also a prerequisite to study yardang devel-
opment processes in relation to the environment [15]. However, because its formation
usually has a long duration, it is inconvenient to determine the yardang’s age even on the
Earth [15-17]. To date Earth yardangs, there are traditionally four methods: determining
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the ages of its top and bottom, analyzing the yardangs” erosion rate, inferring the relics
of ancient activities, and correlating sediment and climatic change [17]. Generally, these
methods will tentatively give the duration of the yardangs’ formation, and these methods
cannot be directly used in determining the ages of Martian yardangs.

The crater frequency and size distribution (CFSD) [18-26] method has been widely
used in dating planetary surfaces. The rationale of the approach is to fit the observed crater
size—frequency distribution of a counting area that represents the geologic unit to a known
crater production function (PF) (e.g., [20,22]), which is further used to derive the absolute
model age (AMA) along with a chronology function (CF) calibrated to radiometric dating
from lunar samples [27]. The method has been expanded to date the surface of Mars by
analyzing the differences in cratering rate, impact velocity, and target properties between
them [28-31]. With the CFSD method, a series of Martian events and the boundaries
between geological epochs have been dated [32-34]. The CFSD method was mostly used
in the depositional terrain [18], while it was seldom used for erosional landforms such as
yardangs. This is probably because the erosional landforms are usually formed within a
long history, during which the superposed craters could be removed, and consequently, the
dating results would be unreliable. As a result, yardangs are rarely dated with the CFSD
method. However, according to previous studies [7], yardangs are mainly distributed in
Martian equatorial regions [1,7], and many of them are closely related to layered ejecta
craters [19]. Therefore, the ages of Martian yardangs can be constrained by dating the
superposed layered ejecta craters with the CFSD method.

Layered ejecta craters are a kind of particular craters in the Martian surface that
have been observed in images from Viking, Thermal Emission Imaging System (THEMIS),
High Resolution Imaging Science Experiment (HiRISE), and Context Camera (CTX) mis-
sions [2,19,35-39]. The lobate deposits surrounding the crater are named layered
ejecta [1,2,40-43]. Layered ejecta craters on Mars may have existed for a long history
of Mars [43,44], and most studies indicate that their formation is related to volatile-rich
targets [41,43]. The layered ejecta craters are distributed in a much wider range than
other craters with similar diameters [45], which provides the feasibility for dating with the
CFSD method.

This study focuses on constraining the ages of Martian yardangs in the Medusae Fossae
Formation (MFF). Yardangs in this area are distributed near the equator of Mars and along
the highland-lowland dichotomy boundary [46,47]. We use the stratigraphic relationship
between adjacent ejecta faces and yardangs (Figure 1) to constrain the relative age of the
yardangs, and then use the age of the ejecta from the CFSD method to constrain the ejecta’s
approximate absolute age. Thus, the age of the yardangs can be constrained by the layered
ejecta, and the age of the latter can be determined with the size—frequency distribution
of the superposed craters with the CFSD method. Subsequently, the development of the
yardangs can be analyzed. The constraint of the formation time of Martian yardangs can
provide important information on the paleoenvironment and paleoclimate.



Remote Sens. 2021, 13, 1316 3of 14

148I°E

148°130'E 149|°E

0° 0°30'N

0°30'S

.| % ) IJ.., .

148°E 148°30'E 149°E
Figure 1. The spatial relationship between yardangs and layered ejecta craters. (a) Two layered ejecta craters in the Medusae
Fossae Formation (MFF); (b) one typical layered ejecta crater superposed on yardangs. The background is a Context Camera

(CTX) mosaic (5 m/pixel).

2. Study Region and Data Sets

The MFF (Figure 2) is considered to be one of the youngest deposits on the Martian
surface [46,47], which stretches between 170°E-240°E and 120°W-190°W in the Amazonis
Planitia region and lies between the Tharsis and Elysium volcanic centers [46] and is

demonstrably of Amazonian age [11,32]. Figure 2 shows the location and the yardangs in
the MFF.
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Figure 2. The yardangs in the MFFE. The background is a MOLA hillshade relief map (128 pixels/degree). The green
polygons are the yardang fields in the MFF [7].

The data sets used in this work were acquired by the Context Camera (CTX) onboard
the Mars Reconnaissance Orbiter [36,48]. Recently, the Bruce Murray Laboratory for
Planetary Visualization has produced a global mosaic of Mars with the resolution of
5 m/pixel using CTX images [49]. The CTX mosaic covered 97.3% of Mars’s surface and
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was subdivided into 2° x 2° and 4° x 4° tiles, which can be obtained from the website
of http:/ /murray-lab.caltech.edu/CTX/ (accessed on 1 January 2021). In this research, a
total of 72 tiles of 2° x 2° CTX mosaic were used to identify the yardangs and to map the
layered ejecta and the craters superposed.

3. Method

Based on our previous yardang mapping in the MFF [7], we first visually identify the
layered ejecta craters that are superposed on the yardangs. Then, the areas of the layered
ejecta are mapped and used as the counting areas in CFSD. The ages of the layered ejecta
are thus derived according to the crater size-frequency, and they are considered as the
lower limits by which the corresponding yardangs” development had been ceased. The
main method flow is shown in the Figure 3.
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Figure 3. Flowchart of the process for constraining the yardangs formation age.
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3.1. Layered Ejecta Mapping

The layered ejecta were mapped on the CTX mosaic in this area. In the process, the
layered ejecta were first identified by visual interpretation, and great attention was paid
to check if the yardangs were in coexistence. Then, the intersection relations between the
layered ejecta and yardangs were determined, and only the layered ejecta that overlay on
the yardangs were selected for dating. The boundaries of the ejecta were carefully analyzed,
and they were screened out if their boundaries sharply contacted the surroundings because
this implies that the ejecta had probably been altered by the yardangs. Finally, only the
layered ejecta on the yardangs that were completely preserved were used for dating and
constraining the age of the overlaid yardangs.

The boundaries of the layered ejecta were mapped in the Environmental Systems
Research Institute’s ArcGIS platform with the extension CraterTools [50]. The inner bound-
aries of the layered ejecta, i.e., the rim of the corresponding crater, were also mapped. The
area between the inner and outer boundary of the layered ejecta was used for age dating
of the layered ejecta. The area can be determined by CraterTools independent of the map
projection [50].

3.2. Crater Counting in Layered Ejecta

In this research, CraterTools was again used for mapping and measuring craters super-
posed on the layered ejecta. In CraterTools, three points along the crater rim were identified
and were used to fit the circle representing the crater. Yue et al. (2019) [51] indicated that
the fitting errors would be minimized if the three points are evenly distributed along the
crater rim, and their strategy is adopted in the research. In addition, we were always cau-
tious of those craters in chains or clusters with irregular shapes because they are probably
secondary craters and should be excluded in the dating process (e.g., [52,53]). Additionally,
we analyzed spatial randomness and clustering of the mapped craters superimposed on
each measurement area with the method of mean closest two neighbors’ distance (MC2ND)
and standard deviation of adjacent area (SDAA). The measurement of MC2ND is more suc-
cessful in identifying the cluster and placing this crater arrangement in the 8th percentile,
over 20 below the mean value. The SDAA method intuitively corresponds to what we
expect to see of a random distribution. Its core concept is if you take a surface with n craters
and divide it into n equally sized patches, you would expect to see roughly one crater per
patch. The adjacent area is the converse of this: for each crater, we find the patch for which
every point is closer to it than to any other crater and then examine the distribution of
patch sizes [23].

3.3. AMAs of the Layered Ejecta and Constraint of Yardangs’ Age

Craterstats2 software (https://www.geo.fu-berlin.de/en/geol/) (accessed on 1 Jan-
uary 2021) was used to derive the AMAs of the layered ejecta. This software has assembled
almost all the existing chronology and production functions for Mars, and it has been
widely used in Mars surface dating (e.g., [53]). In this process, the Martian chronology
system of Neukum-Ivanov (2001; see [18,29,51]) and the production function by Ivanov
(2001) were used. The AMAs of the layered ejecta were derived with the Poisson fit-
ting [24], which expresses the result as a likelihood function through Poisson statistics, and
Bayesian inference and the resulting uncertainty is independent of the grouping of the
crater size-frequency distribution.

Since the layered ejecta are superposed on the yardangs, the yardangs’ development
must have ceased by the time that the corresponding layered ejecta occurred. Thus, the
AMAs of the layered ejecta are the lower limits of the yardangs” ages regardless of the
duration they have experienced. In addition, it is necessary to point out that the aeolian
process is still pervasive on the Martian surface, so the lower limits of the yardangs’ ages
refer to the time of the termination of extensive formation.
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4. Results

Figure 4 shows all of the yardangs and all of the layered ejecta craters nearby in the
Medusae Fossae Formation. There are 24 layered ejecta craters in this region; however, only
six of them are superposed on the yardangs and are not altered at all by them. Therefore, we
mapped the continuous ejecta of the six layered ejecta craters as the counting areas. All the
craters superposed on the layered ejecta were mapped, and their diameters were measured.
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Figure 4. Yardangs (green polygons) in the MFF and the layered ejecta craters (circle points) nearby. Among the 24 layered

ejecta craters, only six (red circle points) are selected for dating because their continuous ejecta is not altered by the

surrounding yardangs. The yardangs’ locations are from Liu et al. (2020). The image is a CTX mosaic at a resolution of

5 m/pixel.

Figure 5 shows the distribution of the six layered ejecta and AMAs. Figure 6 shows
the details of the six layered ejecta and the corresponding dating results. The area of
each layered ejecta has two boundaries—the inner boundary is roughly along the crater
rim, while the outer boundary delineates the distinct termination of the continuous ejecta.
Figure 6 clearly indicates that the layered ejecta is not altered by the surrounding yardangs,
and some yardangs are covered by the lobate deposits, which indicates that yardangs
have a clear relative age relation with the layered ejecta craters. Additionally, the mapped
craters in the ejecta are not contaminated by the yardangs at all. Figure 6 also includes the
corresponding dating results for each layered ejecta, and the crater diameter range for the
dating result is shown in red. The analysis results of spatial randomness and clustering
of the mapped craters are on the top of each CFSD fitting curve. It is clear that for the
crater diameters used for dating, each of the MC2ND of the mapped craters falls within
+30 of the expectation value derived from Monte Carlo simulation, indicating the spatial
distribution of the mapped craters is random.
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Figure 5. Distribution of layered ejecta craters and the absolute model age (AMA). The base map is the geological map [11]
overlaid on the Mars Orbiter Laser Altimeter (MOLA) hillshade relief map. The red rectangle is about 607 m from east to
west and 273 m from north to south.
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Figure 6. Layered ejecta, craters on the ejecta, and dating results in the MFFE. There are six layered ejecta selected after
rigorous evaluation that are definitely formed after the development of corresponding yardangs had been ceased. Layered
ejecta labeled from 1A to 6A are the primary image, and 1B to 6B are corresponding to the layered ejecta in Figures 3
and 4, respectively. Central location: (1) 148.18°E; 2.22°N., (2) 148.33°E; 0.43°N., (3) 148.58°E; 0.68°S., (4) 149.94°E; 0.09°S.,
(5) 142.30°E; 2.03°N., (6) 152.11°E; 3.26°N. The Martian chronology system is Neukum-Ivanov (2001; see [18,29,53]), and
the production function is from Ivanov (2001).

As the dating results show in Table 1, each AMA has a label of £o. Since the dating
method is based on a crater chronology model with Poisson statistics and Bayesian infer-
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ence, the result can be expressed as a likelihood function with an intrinsic uncertainty. Even
in the case of no crater at all, a meaningful likelihood function can also be obtained [22].
For the Neukum chronology function, to make an analogous representation based on
percentiles, these are more directly interpretable in a probabilistic treatment, rather than
mean and standard deviation. Thus, the o points are placed on £34% of either side of
the median so as to include 68% of the Probability Density Function (PDF), by analogy
to a normal distribution [24]. Meanwhile, Table 1 further lists the detailed information in
the dating process, including the counting areas ranging from 138 km? to 267 km?, the
minimum crater diameter for dating is 250 m, and the crater number ranging from 38 to
424. The ages of the layered ejecta range from ~0.50 Ga to ~1.5 Ga, indicating that the
development of the yardangs had been ceased at least before the corresponding ages.

Table 1. Dating results of layered ejecta in the MFF. The numbers (No.) correspond to those in
Figures 4 and 5. The fitting diameter range refers to those fitting with the chronology curve, and the
sampled craters are the numbers of all the mapped craters in each layered ejecta.

No. Area (km?) Fitting Diameter Range (m) Sampled Craters = Dating Result
1 284 380-1100 289 15708 Ga
5 198 380-570 109 15%08 Ga
3 85.1 260-510 38 137534 Ga
4 63.4 280-420 48 11308 Ga
5 80.2 300-510 108 10197 Ga
6 121 240-460 424 5001300 Ma

5. Discussion
5.1. Yardangs’ Development in the MFF

Yardangs are typical wind-eroded landforms, and their development includes the
embryonic, adolescent, mature, and recession stages [16]. In the recession stage, contin-
uous erosion causes the long yardang ridges to become dissected into isolated mounds
and the tops of the yardangs to narrow further and decrease in height until they finally
disappear [16]. Therefore, provided continuous wind erosion, yardangs keep active until
disappearance, and this activity will inevitably alter the landforms superposed, such as
the layered ejecta. Yardangs in the MFF occupy ~562,640 km?, accounting for ~86.51% of
the Martian yardangs between 30°N and 30°S [7], and most yardangs there seem in the
adolescent or mature stage (Figure 7). However, there are only six unaltered layered ejecta
identified in this region, indicating most of the yardangs in this area were still active when
the layered ejecta craters occurred.

This observation is consistent with the Martian current climate. Mars has been a cold
and dry planet, and its surface has been dominated by aeolian activity for a long time.
However, in Mars’s much earlier history, a very different climate may have existed [10,54].
Obviously, this climate condition is favorable for the development of yardangs. In addition,
planetary climatological studies reveal that a perennial Hadley cell drives significant
meridional circulations in the atmosphere on Mars [13,55], and the wind is strongest
around the equator near the surface of Mars [13]. The rarity of the unaltered layered ejecta
identified in this area is consistent with these studies.
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Figure 7. Yardangs’ morphology in the MFE. The yardangs have a long ridge shape, and their peaks are smooth, indicating

that these yardangs are in the adolescent or mature stage.

The six unaltered layered ejecta on the yardangs may indicate that the climate con-
ditions changed in these areas, and then the yardangs ceased development. The reasons
for this alteration are currently unknown. This alteration must have occurred before the
appearance of these layered ejecta, i.e., before ~0.50—~1.5 Ga, which provides valuable
information for studies of the Martian paleoclimate.

5.2. Yardangs Overlaid on the Layered Ejecta

Figure 8 shows three layered ejecta where yardangs are overlaid on the ejecta blanket.
A, B, and C layered ejecta craters are in the Elysium Planitia of the MFF. Layered ejecta
A is on the surrounding yardangs, which are more than a hundred meters in length and
several hundred meters in height. The boundaries of the ejecta are obviously altered by the
yardangs, indicated by the sharp contact between them. Similar contact relationships are
found for layered ejecta B and C and other yardangs that we mentioned above, indicating
that the yardangs are still active when the layered ejecta craters are formed.

The ages of these layered ejecta are difficult to determine by the CFSD method,
as we have expressed; however, the superposed crater size—frequency distribution still
provides some information on the development of the yardangs. The largest craters may be
preserved from the alteration of the surrounding yardangs, or some of them were removed
in the development of yardangs. Therefore, the ages from the group of the largest craters
indicate that the yardangs were still active at least by that time. The dating results of the
layered ejecta in Figure 8 were from ~0.11 Ga to ~2.0 Ga, so the yardangs must be active by
these ages and may continue to be today. This speculation is consistent with the fact that
the Hadley cell still dominates in the Martian surface [7,13].
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Figure 8. Dating results of layered ejecta for three layered ejecta craters with the largest group craters, and the layered ejecta
have been altered by yardangs. A, B, and C are distributed in the Elysium Planitia.
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This analysis is also consistent with the distribution of the craters in the MFF. Figure 9
shows that there are far fewer impact craters in the yardang areas, indicating that some
impact craters have been removed by the yardangs. Therefore, most yardangs in the MFF
may have been active in recent history, although the climate conditions changed for some
currently unknown reasons, and the yardangs’ development has ceased in some areas.
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Figure 9. The density of impact craters larger than 1 km in diameter in the MFFE. It can be seen that the craters in yardangs’
area are indeed more sparsely distributed than in the other areas. The impact craters are from reference [44].

6. Conclusions

In this study, we analyzed the development of the Martian yardangs in the MFE. An
indirect method by dating the ages of the superposed layered ejecta was used to constrain
the development process of yardangs. Based on the mapping of yardangs in this area,
24 layered ejecta craters were identified within or nearby the yardangs. Through rigorous
checking, only six layered ejecta craters were found completely unaltered by the yardangs,
and thus they must have been formed after the yardangs’ development had ceased. The
small fraction of this unaltered layered ejecta indicates that most of the yardangs are active
in recent Martian history. In addition, with the layered ejecta of the six craters as counting
areas, their ages were obtained with the CFSD method. The results show that the ages of
the six layered ejecta range from ~0.50 Ga to ~1.5 Ga, indicating that the evolution of the
corresponding yardangs had ceased before this time. The dating results in this research
provide temporal information for studying Martian yardangs” development.
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