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ABSTRACT

This study discovered a surface expression of one small impact crater on the slopes of the Dhofar Mountains,
Sultanate of Oman. This research utilized high-resolution satellite imagery, a digital elevation model, and ICESat-2
photon data to determine the geomorphological features of the impact crater. Elevation profiles from the ICESat-2
photons highlighted the crater’s rim structure with high precision. Also, the structure of this impact crater was
crosschecked with a confirmed crater on similar geological settings on Mars using HiRise imagery and numerical
simulations. Additionally, a scaled sandbox experiment ensured the simulation of the impact mechanism on slopes.
The identified impact crater is a simple type (non-complex) with a nearly bowl-shaped depression having a raised
rim structure and a maximum diameter of ~259 m. However, bearing its location on a sloped terrain and at the
edge of the gorge’s cliff-top, this elliptical crater remained crescent, with the deepest point shifted downhill. No-
tably, features related to the crater’s structure, such as the rim, the floor’s deepest point, and a tongue-like landslide
at the downhill, are consistent with the numerical simulations and corroborate the results from the lab-based ex-
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periments. The crater’s ellipticity and depth-to-diameter ratio agree with the mechanisms involved in impact crater

formation on slopes. This impact crater is one of the rarest on Earth, uniquely located on sloped terrain, and is the

first to be reported through this article.

Keywords: Small Impact Crater; Dhofar Mountains; Sultanate of Oman; Elliptical Crater; Crescent Crater; Impact

Craters on Slopes; Salalah

1. Introduction

Intrinsic geological processes like plate tectonic in-
duced earthquakes, volcanoes, slope failure/landslides,
subsidence/sinking of land, tsunamis and rapid-
hydrological surface runoff, and aeolian-weathering
episodes will be responsible for sculpting the surface
geomorphology of planetary objects. During these
geological phenomena, significant energy gets released,
resulting in a scar or a mark of surface morphological
change; the greater the magnitude of the disturbing
force, the more complex the morphological change in
the landscape [?].

On the other hand, impact cratering is an extrin-
sic geological process that happens on the planetary
surfaces due to the crash landing of high-velocity ex-
traterrestrial objects from space like a meteorite, a sep-
arated object of orbiting asteroid or traveling comet,
and space debris; the phenomenon results in an energy
transfer mechanism where the kinetic energy of the im-
pactor is transferred into heat, fracturing, and displace-
ment of material or material energy of the target sur-
face3-61. While the impactor is a significantly smaller ob-
ject than the planet, the course outcome can be a pit or a
crater[” 8], Impact pits are formed when extraterrestrial
objects of relatively smaller size (like micrometeoroids
of a centimeter to a sub-meter sized) with insufficient
velocity crash lands on planetary surfaces and remain in-
tact. Impact craters are formed by incoming meteorites
with cosmic velocity colliding on a planetary surface, in-
ducing shock metamorphism in the target material (8101,

The cratering process and the final shape of the
crater depend on various parameters of the colliding ex-
traterrestrial object (like size, velocity, projectile, shape,
and composition - rock to ingots or metal alloys) and
also on the geological structure and strength of the tar-

8,11

get surface[® 11, The target’s gravitational field controls

11

the impactor’s acceleration, influencing the collision’s
magnitude and, further, the crater’s shape ">~ Unlike
conventional endogenic processes, the impact-cratering
process will be completed within a few seconds if the im-
pact is due to smaller extraterrestrial objects, while for
larger bodies, it is not more than 100 seconds 14-16],

The process of crater formation includes three se-
quential events: (1) contact and compression phase, (2)
excavation, and (3) modification phase[® 1314 The con-
tact and compression stage gets initiated once there is
contact of an impacting body with the planetary surface
and is the briefest of all the three stages. This stage re-
distributes the Kinetic energy of the impacting projectile
into internal energies of the impactor and the target sur-
face, generating shock waves that develop from the point
of contact. The stage ends after the shock compression
of the impactor has been wholly unloaded through va-
porization, melting, and ejected from the cavity.

During the first moments in the excavation stage,
the shock wave forms in the target and expands away
from the impact site, compressing and accelerating the
material it encounters. The material in the target moves
along outward directions that are approximately radial
to the point of impact. During the subsequent excavation
stage, the kinetic energy imparted to the target rocks by
the interaction of the shock and rarefaction waves leads
to particle velocities in the target rocks, with trajecto-
ries that define a flow field, combined with downward
and outward physical compression of the target rocks,
resulting in the formation of a transient cavity. The mod-
ification stage begins when the excavation stage ends
and the transient crater has grown to its maximum size.
During this stage, the inward and upward material mo-
tion results in a complex intermixture of breccia and im-
pact melt inside the crater depression. The modification
stage is driven by gravity, rock mechanics, and the re-
bound of the transient crater floor. Enough literature is
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available on the mechanics of impact cratering from the
works of Osinski et al.,, Kenkmann et al., and Melosh &
Ivanov 813141,

Though, to a good approximation, the impact oc-
curs as a point source, the cratering mechanism yields
two types of craters - simple and complex[31¢], Sim-
ple and complex impact craters have fundamental differ-
ences in morphology and structure, both being a func-
tion of size. Simple craters generally have a bowl-shaped
morphology with a raised crater rim, while complex
craters have terraced rims and an uplifted central por-
tion of the crater floor. With increasing size, complex
craters are further subdivided into central peaks, peak-
ring craters, and multi-ring basins based on the morphol-

8,13]  Works from Osin-

ogy of the uplifted target rocks!
ski et al. and Kenkmann et al. provide satellite imagery-
based illustrations of various impact craters that can be
formed on planetary bodies(® 3, Crater depth (d) is
the vertical distance from the deepest point on the floor
to the plane passing through the rim height, and the di-
ameter (D) is the outermost raised rim-to-rim diameter.
Generally, the depth-diameter (d/D) ratio of large sam-
ples of simple craters ranges from 1:3 to 1:7, while for
the complex craters, the d/D ratio ranges from ~1:10 to
1:20(81, The rim is composed mainly of broken rock de-
bris and forms close to the angle of repose of loose rock

(141 In general,

debris - a mechanically plausible process
the shape of the crater rim is largely insensitive to the
impact trajectory and remains circular due to the sym-
metric distribution of the ejecta blanket '3 17.18] Byt for
oblique impacts (say for angle <45°), the ejecta blanket
becomes asymmetric, while for <25°, a forbidden zone
develops in the upper range portion of the eject blanket,
and the crater rim is depressed in that direction. The
presence of a forbidden zone can indicate the direction
of the impactor, which, as a whole, is a region in an im-
pact crater where no ejecta gets deposited. The crater
rim becomes saddle-shaped when the projectile is <15°,
and while <10° degrees, the rim becomes elongated in
the direction of impact, and the ejecta forms a “but-

13,17,18]

terfly” pattern! Most recorded impact craters

on the planetary surfaces are circular, and only count-
able elliptical craters are reported on Mars, Moon, and

Venus 8 1317, 18]

Significant understanding of the impact cratering
mechanism has occurred due to the advancements in
space technology and the availability of satellite im-
agery acquired over planetary bodies like the Moon and
Mars 19201,

craters might have eroded to some degree such that the

However, on Earth, the state of impact

original form of the crater is modified or even no longer
present to recognize [8: the reason can be attributed to
intrinsic geological processes, weathering, and anthro-
pogenic activities, among others. Thus, it is not easy to
recognize the craters in an unpreserved state through
field studies or remote sensing. However, records of the
impact craters on Earth are critical to understanding im-
pact events’ processes and effects. A systematic collec-
tion of all the confirmed impact craters on Earth is avail-
able online for scientific fraternity at https://www.impa
ctearth.com 8], Remote sensing methods enable us to in-
terpret and recognize the surface expression of a crater
in satellite imagery; however, the crater’s genesis and
impact event analogy can be confirmed only through ex-
tensive fieldwork and analyzing the samples available at
the crater’s location [21: 221,

The presence of impact craters in a region provides
an opportunity to enhance the scientific advancement
and understanding of extraterrestrial mechanisms, as
they often have very peculiar ecosystems surrounding
them. Moreover, alien minerals near the impact craters
can boost the region’s economic prosperity along with
the benefits of accruing the potential of tourism 23251,

The authors of this research discovered a surface
expression of a small impact crater in the Dhofar Moun-
tains, located in the Dhofar Governorate, Sultanate of
Oman. The primary objective of the present study is to
determine the geomorphological features of this newly
discovered impact crater; for this, we utilized various
high-resolution satellite imagery, including archived im-
agery acquired originally for reconnaissance survey, as
part of our analysis. Additionally, Light Detection and
Ranging (LiDAR) based high-resolution elevation pro-
files were used to understand the intricate details of this
surface expression at a sub-meter level. The peculiarity
of this impact crater is that it lies on sloped terrain and
the edge of a gorge’s cliff-top; thus, an experiment was

performed to simulate the impact cratering on the slopes

12
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in a scaled sandbox setup that enabled simulation of its
final form. There are records of small impact craters
on the Moon, Mars, and Venus, which are elliptical and
have smaller rim-to-rim diameters, especially secondary
craters (i.e., smaller craters within a large crater sys-
tem). Simple and elliptical craters are highly rare on the
Earth 8], The uniqueness of this discovered elliptical im-
pact crater is its location on an undulated (sloped) ter-
rain, its rim structure is in a preserved state, and almost
all of its attributes are in sync with the structural prin-
ciples of simple (non-complex) impact craters that hap-
pen on that happens on sloped surfaces and herewith re-
ported for the first time in this article.

2. Materials and Methods
2.1. Study Area

The Oman mountains are geologically famous for
having the world’s largest ophiolite complex, a thrust
slice of oceanic crust and upper mantle formed 96-95
million years ago and emplaced onto the Arabian con-
tinental margin during the Late Cretaceous between 95
and 70 million years ago[?%l. The Oman ophiolite played
a significant role in geological studies, which resulted in
the theory of plate tectonics proposed in the 1960s 2],
The Sultanate of Oman, a country on the southeastern
coast of the Arabian Peninsula, overlooks the mouth of
the Persian Gulf. Sultanate of Oman is surrounded by
the great desert of the Rub al-Khali to the west, cover-
ing parts of Saudi Arabia, Yemen, and the United Arab
Emirates. The south and east of Oman is entirely a coast
adjoining the Arabian Sea. The southern province of
Oman, Dhofar, is bounded by the Indian Ocean along the
south, the Yemen border in the west, and the great sand
sea of the Rub al-Khali or Empty Quarter to the north.
The coastal region of Dhofar is dominated by the strike-
slip faults along the Arabian plate margin!*®l. The im-
pact crater discovered in this research lies in the Dhofar
Mountains located north of Salalah plains; the precise lo-
cation of this small crater is 17°04°02.8”N, 53°55’06.8”E.
Jardoom, located some 20 km to the northwest from
Salalah is the nearest hamlet from this impact crater. Fig-
ure 1 shows the map of the impact crater under investi-
gation.

13

Dhofar Mountains experience mild temperatures
and high precipitation due to the interplay of topo-
graphic relief and the Intertropical Convergence Zone
(ICZ) position that delivers humid onshore winds to
the coastal plain and its mountains during the summer
months. Most steep escarpments rising 1000 m behind
the coast trap the seasonal moist air, feeding the en-
demic woodland and grassland biomes with light precip-
[27]

itation Mainly, the hills are flourished with dragon

trees and frankincense [26 271,

Dhofar region is also in-
fluenced by tropical depressions that develop over the
Indian Ocean; these depressions frequently breach the
mountain escarpment and can unleash up to 540 mm of

rain in a single event (271,
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Figure 1. Location map of the impact crater identified on the
Dhofar Mountains, ~20 km northwest of Salalah, Dhofar Gov-
ernorate, Sultanate of Oman. (a) Administrative boundary of
Sultanate of Oman; (b) Location of the Dhofar mountains chain
and Salalah; (c) The small impact crater, as seen in satellite im-
agery acquired by LISS-IV onboard IRS ResourceSat-2A. The
image acquisition date is 29 December 2023. The precise lo-
cation of this small crater is 17°04’02.8”"N, 53°55’06.8"E.

To the north of the Dhofar Mountains, the Nejd
Plateau is a gently sloping tableland dissected by several
prominent drainage systems that debouch into alarge in-
terior basin!?’], To the south of the Dhofar Mountains,
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the Salalah coastal plains adjoin the Arabian Sea. The
region where the small impact crater identified in this
research is a massif (referred locally to as Jebel Qara)
dominant with Tertiary and Cretaceous limestone and
is primarily a gently undulating terrain, reaching a max-
imum height of ~900 m above sea level [?8-3%, The re-
gion’s Geological description was reported earlier by
Cremaschi et al. and Zerboni et al.; primarily, the mas-
sif is dissected by a dendritic system of valleys cut into
the bedrock 2% 3%,

2.2. Datasets

Remote sensing data enables the identification of
the impact craters on the planetary surfaces based on
their geomorphologic shapes. Numerous achievements
have been made in identifying impact craters using

8,311 However, the final confir-

remote-sensing images!
mation to ascertain the status of an impact crater, specif-
ically on Earth, needs expert fieldwork, collection and
analysis of the samples, geophysical surveys, and a re-
quirement for radiocarbon dating of materials found
near the crater floor®l. Interpretation keys to recog-
nize the impact craters from satellite images are already
well documented [32]; moreover, recent advancements in
machine learning and deep learning have enabled the
automatic detection of impact craters from satellite im-
agery[33-36],

In this research, multispectral data from the In-
dian Remote Sensing Satellite (IRS), namely Resourcesat-
2A’s Linear Imaging Self-Scanning Sensor-IV (LISS-IV),
has been used to identify various features of this small
impact crater. LISS-IV imagery is of 5.8 m spatial res-
olution containing reflectance from green (0.52-0.59
um), red (0.62-0.68 um), and near-infrared (0.77-0.86
pum) (https://www.isro.gov.in/RESOURCESAT_2A.html).
ESRI’s ArcGIS online base-maps (https://www.arcgis.com)
and Google Earth (https://earth.google.com/web) sup-
port delivering imagery through OpenGIS Web Map Ser-
vice (WMS) Interface Standards; thus, one can visualize
various geospatial datasets, including satellite imagery
using appropriate client software. In this research, base-
maps (satellite imagery layer) from ESRI and Google
Earth were used to understand the intricate details of

surface expression given by the small impact crater re-

ported in this research.

Declassified photoreconnaissance aerial/satellite
images under the CORONA program by the U.S. from
1959 to 1972 are available for scientific applications 371,
Imagery from the KH-4B mission with 1.8 m spatial res-
olution, acquired on 01 May 1972 under the CORONA
program, was used as material to verify the historical ex-
istence of the impact crater. The United States Geolog-
ical Survey (USGS) Earth Explorer is a tool that allows
users to search, discover, and order earth sciences data
through an open-access mechanism. For this research,
imagery acquired under the CORONA mission is down-
loaded from the USGS Earth Explorer tool, available at
https://earthexplorer.usgs.gov/.

The High-Resolution Imaging Science Experiment
(HiRise) camera, the most powerful digital imaging sys-
tem flown beyond Earth’s orbit, is carried onboard the
Mars Reconnaissance Orbiter (MRO) spacecraft. It has
produced a large number of color images of the surface
of Mars with greater details due to its higher spatial
resolution (up to ~0.3 m) capability[38. Researchers
have identified new impact craters on Mars’s surface, in-
cluding those of <1 km diameter, using the HiRise im-
agery 3941l In this research, we have used HiRise im-
agery for the extent of the slopes of Tithonium Chasmato,
a large Valles Marineris canyon system on Mars. An un-
named 3-4 km diameter Martian impact crater was high-
lighted earlier by Aschauer and Kenkmann, and the sig-
nificance of this impact crater is that it mainly exists in
a topography dominated by slopes![!®l. The small im-
pact crater described in this research is also located on
slopes similar to that of the unnamed crater that is lying
at the Tithonium Chasmato on Mars; thus, the known
features of an identified impact crater from the HiRise
imagery should enable us to relate the impact of topo-
graphic slopes on the crater’s shape.

Digital Elevation Models (DEM), unlike satellite im-
agery, which contains surface reflectance/emittance val-
ues for a pixel, each grid cell has a height value repre-
senting physical surface elevation; thus, they enable un-
derstanding the variations in the terrain and help re-
trieve the characteristics of the topography for the ex-
tent of the study area. In complementary to satellite im-

agery, DEMs enable morphological studies of terrestrial
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impact craters to an unprecedented level[*?-44, This

research uses ALOS PALSAR global DEM, available at
12.5 m (https://asf.alaska.edu), to understand the de-
tailed topographic information surrounding the iden-
tified small impact crater under investigation. Addi-
tionally, the World Hillshade layer available from ESRI
(https://www.arcgis.com) is used to envisage the sur-
face expression of the identified small-impact crater. In
general, hillshade maps provide a realistic, 3D represen-
tation of terrain that’s easy to understand and can be
used to highlight subtle differences in topography.
Generally, the category of impact craters whose
rim-to-rim distance is within a sub-kilometer is said to
be small®l. Extracting the intricate topographic details
for small impact craters from the open-access DEMs with
a grid size of 12.5 m and greater may fail to provide criti-
cal information about the crater’s rim structure and vari-
ations in its floor. In such a situation, data from LiDAR-
based elevations may be a better option. NASA’s Ice,
Cloud and land Elevation Satellite-2 (ICESat-2), a novel
satellite with a solo sensor, ATLAS, was launched in
September 2018 and has been operational since then [4],
The scientific fraternity has appreciated the unique capa-
bility of ICESat-2 in giving measurements for every 0.7
m along the track[*®!, Combined with the ICESat-2’s pre-
cision pointing and positioning information, the range
measurements produce geolocation and elevations for
all the successful laser photon returns from the Earth’s
surface[*®l, A sequence of geolocated photons is of im-
mense use to study the Earth’s surface features through

profiling (471

In the first five years after the launch of
ICESat-2, numerous research areas in the Earth sciences
reported the significance and application capability of
geolocated photon data - in fact, the geolocated photon
data from ICESat-2 not only filled certain gap areas in
the geospatial technologies but also unleashed novel ap-
plications for Earth sciences. Even though the science
objectives of ICESat-2 are oriented towards observing
the cryosphere, researchers have successfully used the
geolocated photons in a variety of disciplines related to
land, ice, sea ice, vegetation/canopy, inland surface wa-
ter, and atmospheric studies in complementary with re-
mote sensing imagery[*8l. In this research, two acqui-

sitions (referred to as Beam,, and Beam,,) of ICESat-

2 photon data that are available over the extent of the
small impact crater (details mentioned in Table 1) were
considered to generate 2D along-track elevation profiles
over the crater’s rim-to-rim. The usage of these profiles
is briefed in the subsequent section.

The details of all the datasets used in this research
and their relevance are mentioned in Table 1. Results
from the numerical simulations and descriptions that
have emphasized terrestrial impacts on the sloped sur-
faces by the earlier researchers were also considered to
relate to the morphometric shape of the impact crater
envisaged in this research [18 #9-52],

Additionally, simulating experiments of impact cra-
tering on slopes provides information that helps to un-
derstand how such craters form; an experimental setup
with a simulated landscape environment (in a sandbox
- granular target surface) that of the crater as on Dho-
far Mountains was made to verify the consequence of
impact on slopes. The layers in the experimental land-
scape emulate having multiple strata representing the
monocline folds of the Dhofar crater site (discussed in
the subsequent sections). We use an oval-shaped glass
paperweight of diameter 2.5 inches and weighing 300
grams as an impactor. The impactor is released from
15 feet height with a 45° angle ( termed the most proba-
ble impact angle) and is accelerated by gravity. The tar-
get position was set to land only on the uphill slope near
the edge of the cliff-top and avoid landing on the gorge’s
steep wall. The container dimensions are 1m x 1m, suf-
ficiently accommodating all the impact effects within its
dimensions. The scaled landscape design contains an up-
hill slope of ~16° covered with granular material and the

gorge’s wall at a steep slope of ~30°.

2.3. Methods

This research used high-resolution optical imagery
from IRS Resourcesat-2A’s LISS-IV and online satellite
imagery base-maps to recognize the impact crater’s pri-
mary geomorphologic characteristics. Optical satellite
imagery from the Earth observation sensors can effec-
tively identify the distinctive features of impact craters
such as raised rim, basin floor, preservation state, and
surrounding environs. Additionally, using image pro-
cessing or GIS software, one can perform measurements

15
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Table 1. Datasets used in detailing the small impact crater identified at the Dhofar mountain chain, ~20 km northwest of Salalah,

Dhofar Governorate, Sultanate of Oman.

Dataset Specifications and Source

Relevancy

IRS Resourcesat-2A LISS-1V Spatial resolution: 5.8 m

Date of acquisition: 29 Dec. 2023
Source: https://bhoonidhi.nrsc.gov.in

To understand various spatial features of the small
impact crater under investigation using false color
and natural color composites

Spatial resolution: < 0.5 m

Online satellite imagery Web Mapping Services (WMS)

To study the greater details of the small impact
crater under investigation using higher spatial

base-maps available under ArcGIS software resolution of satellite imagery.
(https://www.arcgis.com) and Google
Earth (https://earth.google.com/)
Spatial resolution: 1.8 m
Imagery from CORONA Mission title: KH-4B To crosscheck the historical existence of the small
program Date of acquisition: 01 May 1972 impact crater under investigation.

Source: https//earthexplorer.usgs.gov/

Imagery from HiRise Spatial resolution: 0.3 m

camera onboard MRO

Source: https://hirise-pds.Ipl.arizona.edu

To relate the morphological similarities of impact
craters, specifically that were located on the slopes.

Global Digital Elevation
Model from ALOS PALSAR

Spatial resolution: 12.5 m
Source: https://asf.alaska.edu

To understand the detailed topographic information
about the surroundings of the identified small
impact crater.

World Hillshade model (https:// arcgis.com)

World Hillshade layer available from

To perceive the subtle topographic expressions of
the identified small impact crater, especially the
crater’s rim structure and the floor.

Data product: ATLO3
Spatial resolution: 0.7 m

Elevations from ICESat-2 Details of acquisitions:

photon data

Beam,, - 08 Nov. 2021 /Track ID: T715
Beamyq - 08 Feb. 2023 /Track ID: T768
Downloaded from https://nsidc.org

To generate 2D surface elevation profiles and
understand the morphological features of the small
impact crater under investigation. ICESat-2
photon-based elevations are available for every 0.7
m distance and should help essay the intricate
crater’s rim structure and floor morphology
variations.

of the structure (like rim-to-rim diameter) from high-
resolution satellite imagery. Historical imagery like
CORONA, acquired at significant high spatial resolution,
can be used to confirm the presence of earth’s surface
features in the past; thus, in this research, CORONA im-
agery of ~1.8 m data acquired during 1972 (nearly 53
years ago) was used to confirm the historical presence
of this small impact crater.

The surrounding topography of the identified
small-impact crater is mostly sloped. Comparing with
a confirmed crater located on a similar topography can
help correlate the structural features; for this, imagery
from the HiRise camera acquired over a confirmed crater
on the Martian surface of sloped terrain was used. Dur-
ing this comparison process, the geomorphological sim-
ilarities of these two impact craters were interpreted by
emphasizing their rim shapes at the uphill and downbhill

slopes.

ALOS PALSAR GDEM, the best available open-
access digital terrain data with a spatial resolution of
12.5 m, was used in this research primarily to under-
stand the surrounding topography of this impact crater.
Further, a 3D perspective view was generated from
this DEM by overlaying high-resolution satellite imagery.
This 3D perspective provided an opportunity to under-
stand the gradient directions of the crater under inves-
tigation. Similarly, a hillshade model with a Sun eleva-
tion of 45° and a solar azimuth of 315° enabled perceiv-
ing the rim and floor of the impact crater with more pro-
nounced.

ICESat-2’s Level-2A data product, ATLO3, contains
height above the WGS84 ellipsoid (ITRF2014 reference
frame), latitude, longitude, and time for all photons
downlinked by the ATLAS instrument onboard ICESat-

16
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2 observatory®3l. As per the ICESat-2 ATL03’s Algo-
rithm Theoretical Basis Document (ATBD), the essential
time-variable geophysical parameters will undergo var-
ious geophysical and range bias corrections that reduce
the errors and identify the signal photons that have ac-
curate elevation information [°3!. The ATLAS instrument
transmits laser pulses at 10 kHz. At the nominal ICESat-
2 orbit altitude of 500 km, approximately one transmit-
ted laser pulse every 0.7 meters along ground tracks is
produced, and these pulses are placed into along-track
geolocation segments in the data product. From a se-
quence of elevations retrieved from the along-track ge-
olocated photons, one can generate 2D profiles to under-
stand the earth’s surface feature variations. Typically,
these 2D profiles have an x-axis as latitude and a y-axis,
which contains elevations attributed to the geolocated
photons. In this research, two acquisitions of ICESat-2,
Beam,;, and Beam,,,, were used to generate 2D profiles
over the extent of the small impact crater under inves-
tigation. In the context of this research, these profiles
can provide a comprehensive assessment of the crater’s
raised rim and floor’s deepest point (that have a lower el-
evation than the surroundings within the crater’s basin).

3. Results

Figure 2 shows a 3D perspective view of the Dho-
far impact crater that is being discussed in this research.
The 3D perspective was generated using ALOS PALSAR
DEM of 12.5 m resolution and is draped with high-
resolution satellite imagery. Figure 3 shows the cor-
responding slope map (in degrees) that was generated
from the same DEM. The placement of the small impact
crater lies at the gorge cliff-top - the walls of the gorge
are at steep slopes of ~30°. In turn, the surface over the
cliff-top is also a sloped at ~16°. In a nutshell, approxi-
mately 80% of the structure of the impact crater lies on
the gentle slopes, and the remaining 20% is on the wall
of the gorge - due to this, the final crater shape is neither
a circular nor a fully elliptical; however, the structure of
this crater has a visually perceivable semi-elliptical rim.

Figure 4 compares the small impact crater on
the Dhofar Mountains with an unnamed semi-elliptical
crater on the slopes of Tithonium Chasmato, a large

Valles Marineris canyon system on Mars. A central in-
ference from this comparison highlights that the craters
are semi-elliptical in both cases, with nearly 80% of
the raised rim structure perceivable (refer to Figures
4a,b). Uphill and downbhill landslides were created in
both cases due to the ejecta deposition on the inclined
slopes. However, in the case of the unnamed crater on
Mars, these uphill and downhill landslides are more evi-
dent, but in the case of the impact crater of Dhofar Moun-
tains, only traces are visible - possibly due to erosion
caused by the weathering and hydrological activity. Im-
portantly, in the case of the impact crater on the Dho-
far Mountains, an apparent distortion is observed in the
alignment of the fault lines at the area where the down-
hill landslide is located (refer to Figures 1c, 2, and 4a).

Figure 2. A 3D perspective of the small impact crater on the
Dhofar Mountains, above ~20 km northwest of Salalah, Dhofar
Governorate, Sultanate of Oman. The 3D perspective was gen-
erated using ALOS PALSAR (12.5 m) DEM and is draped with
ESRI satellite imagery base-map.
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Figure 3. A slope map from the ALOS PALSAR DEM (12.5 m)
draped on the corresponding hillshade layer for the extent of
the small impact crater on the Dhofar Mountains.
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tongue-like landslide

dovwnhill landslide

Figure 4. Comparison of the small impact crater on the Dho-
far Mountains with that of an unnamed elliptical crater on the
slopes of Tithonium Chasmato, a large Valles Marineris canyon
system on Mars. (a) Small impact crater of Dhofar Mountains
as seen in ESRI satellite imagery base-map; (b) An unnamed
semi-elliptical crater located on the sloped terrain on Mars, as
seen in HiRise imagery.

Figure 5a shows the appearance of the small im-
pact crater of Dhofar Mountains in the historical imagery
acquired during 1972 (source being CORONA mission,
see Table 1) - the shape of the crater under investiga-
tion is highly evident in this historical imagery. Figure
5b shows the hillshade map of the study area where
the crater’s physical features, like the rim, basin floor,
and tongue-like landslide at the downhill, are highly per-
ceived.

As discussed in the datasets and methods sections,
in this research, two beams (Beam,;, and Beam,,,) of
ICESat-2 photon data were used to generate along-track
elevation profiles over the Dhofar impact crater under
investigation. These profiles are shown in Figure 6. Fig-
ure 6a shows the satellite imagery for the extent of the
study area overlaid with two-photon beams acquired by
ICESat-2. Figures 6b,c show the 2D elevation profiles
generated for the Beam,;, and Beam,,, respectively. The
primary observation from these profiles is that the rim-
to-rim distance (D) is not constant; as obtained from
Beam,y, D is 255 m, whereas it is 260 m from Beam,,.
In the scenario of the crater being circular, then in gen-
eral, D, the rim-to-rim distance or the diameter of the
crater will usually be uniform. In the case of this crater
on the Dhofar Mountains, the rim is not circular but near-
elliptical; thus, variation exists in the D. Also. Generally,
the maximum depth point in a circular impact crater lies
at its center, whereas, for this crater, it is observed that

the deepest point with a depth of 35 m (refer to Figures
6a,b) is shifted downhill.
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Figure 5. An impact crater on the Dhofar Mountains as seen in
the historical imagery, and its corresponding topographic hill-
shade map highlights the crater’s rim structure and the basin
floor. (a) Imagery from the CORONA mission acquired in 1972;
(b) Hillshade map for the extent of the Dhofar Mountains crater
(Source: ESRI World Hillshade layer).

The crater rim, which is the crater’s edge, is typi-
cally an elevated surface from the basin, and within the
rim structure, the line of maximum elevation is termed
crest. For the Dhofar impact crater, the rim crest is el-
evated ~7 m on the uphill side but is sharp (abrupt),
whereas the rim crest’s elevation is ~20 m on the down-
hill side butis smooth. From the high-resolution satellite
imagery, itis observed that vegetation exists on the inter-
nal slopes towards the upper side of the cavity from the
rim crest.

The experimental setup (in a sandbox - granular
target surface), which consists of the simulated land-
scape environment of the crater on the Dhofar Moun-

tains, is shown in Figure 7.

18



Earth and Planetary Science | Volume 04 | Issue 01 | April 2025

a 53°55'30"E

17°4'0"N
17°4'0"N

53°55'30"E

tance (m)
110 20 330 440 550 660 770

§=;E
\
s

El

Elevation (cllipsoidal) m
3 2
i}'z
\,J‘ .
4 o
I
&
2
z
N

3

064 17.065
Latitude
istance (m) 110,

§£§ﬁg

levation (ellipsoidal) m
2 3z
Al

B
=

17.066 17.067 17.068 17.069 17.07

Sl Latitudé "
Figure 6. 2D cross-sectional elevation profiles generated us-
ing along-track ICESat-2 photon beams for the impact crater at
Dhofar Mountains. (a) High-resolution satellite image overlaid
with two ICESat-2 photon beams; (b) 2D elevation profile for
Beam,s; () 2D elevation profile for the Beam,,. Dashed circles
in the profile diagrams highlight the raised rims of the impact
crater.

Figure 7a shows the landscape before the impact,
and Figure 7b shows a frame captured during the post-
contact and ejection stages. Figure 7c is the final form
of the landscape after the impact; an elliptical impact
crater with a crescent-shaped rim, the occurrence of
the deepest point towards the downhill, and tongue-like
landslide are evident in the post-impact landscape. No-
tably, a distortion of the simulated folds, especially at
the tongue-like landslide, is observed in the post-impact

landscape (refer to Figure 7c).

4. Discussion

Most impact craters on planetary surfaces are cir-
cular, as most projectile strikes at an oblique angle fol-
Only 5% of
the crater-records data (especially on Mars, Moon, and

lowing the laws of celestial mechanics.

Venus) show an elliptical morphology [°%>4-56, Numer-
ical simulations proved that the elliptical craters result

from impacts that occur at a very shallow angle of inci-

dence (say 12°) as the resulting crater shape deviates
from a circular symmetry and becomes elongated in the
direction of impact[®13.17.18,50,541 " The ellipticity of the
crater increases with decreasing impact angle 5% 56571,
Importantly, even if the impact strike is from an oblique
angle on a target surface with rugged terrain or sloped
topography, at a local scale, the impact of the extrater-
restrial objects will be apparently a shallower one with
respect to the sloped target surface. The peculiarity of
the impact crater discussed in this research is that it lies
on asloped terrain and the edge of a cliff-top, with ~80%
of the crater floor on a ~16° slope; thus, it is a near-
elliptical crater which is evident in the high-resolution
satellite imagery (refer to Figures 1c and 2). The re-
maining ~20% of the crater floor formation failed due

to the gorge’s steep slope.

Impact trajector

point

; . :
Figure 7. A sandbox (granular target surface) experiment to
simulate impact cratering on slopes. (a) Pre-impactlandscape;
(b) Frame showing contact and ejection stage. (c) Post-impact
landscape showing crescent shaped rim, deepest point, and
tongue-like landslide distorting the folds in the subsurface.

Aschauer and Kenkmann investigated the effect of
surface topography on crater formation and systemati-
cally studied impact cratering processes on inclined hill-
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sides up to 25° slopes utilizing analogue experiments [18],

Their experiments concluded that the transient crater
develops roughly symmetrically perpendicular to the
sloping plane, resulting in higher ejection angles uphill
than downhill when measured with respect to a horizon-
tal plane. At slope angles close to the angle of repose of
the respective bulk solids, the aspect ratios of the craters
can reach ~1.7. Uphill-downhill cross sections become
increasingly asymmetric, the depth-diameter ratio of the
crater decreases, and the deepest point shifts downhill
with increasing slope angle. Mass wasting is initiated
both in the uphill and downhill sectors of the crater rim.
The landslides emanating from the uphill rim for steep
slopes can overshoot the crater cavity and superpose the
downbhill crater rim in a narrow tongue. Mass wasting
initiated at the downhill sector forms a broader and shal-
lower tongue and is triggered by ejecta deposition on the
inclined slope 8],

Figure 8 is a map showing the dimensions of the
impact crater under investigation. Due to the crater’s
position on the cliff-top edge, the elliptical rim is incom-
plete due to the formation of a narrow tongue at steep
slopes of the gorge wall. The distance from the perceiv-
able rim structure to the start of the narrow tongue (as-
suming it is the major axis of the crater) is ~259 m,
and the rim-to-rim distance, i.e., the minor axis, is ~212
m; thus, the ellipticity (g) of this crater is nearly 1:1.22.
Bottke et al. suggested that a crater can be termed as
an elliptical if the major axis is at least 120 % of the
minor axis!®®, The deepest point (d = 35 m) of this
small impact crater is seen to be shifted downhill (re-
fer to Figures 6 and 8), which is a characteristic feature
that is in line with the observations made by Aschauer
and Kenkmann in their experiment for simulating im-
pact craters on slopes 8],
depth-diameter (d/D) ratio is 1:7.4 if D is the apparent
major axis and 1:6 for the minor axis; these values agree

The Dhofar impact crater’s

with the mechanics of small impact craters &,

The rim crest, the crater’s edge typically elevated
above the original surface, is one of the primary morpho-
logical features that acts as a key interpreter while de-
tecting impact craters in the imageries through remote
sensing methods. Impact cratering experiments over

sloped surfaces conducted by Aschauer & Kenkmann

and Hayashi & Sumita have proved that the crater floor
steepens on the upslope side and a thick rim forms
on the downslope side, thus forming an asymmetric

18,511 " 2D elevation profiles obtained from the

profilel
ICESat-2 photons over the extent of the Dhofar impact
crater in this research exhibit a steeper floor on the up-
slope side and the rim getting thicker on the downs-
lope side (refer to Figure 6b). Thus, the observation
retrieved in this research is well in tune with the nu-
merical simulations done on the sloped surface. More-
over, the rim of the small impact crater in this research
is thicker on the downslope side and thinner on the
upslope side such that it forms a crescent shape (refer
to Figures 6b,c); this observation was also noted by
Aschauer & Kenkmann and Hayashi & Sumita in their

experiments 18 511,

Krohn et al., while analyzing 2892
asymmetric craters on asteroid Vesta, observed that they
are mainly characterized by a sharp crater rim on the
uphill side and a smooth one on the downhill side 8.
The details given by Krohn et al., results from the exper-
iments of Aschauer & Kenkmann and Hayashi & Sumita,
and the morphological features of the impact crater de-
scribed in this research are all in sync['® 51581 However,
because the impact crater described in this research is
on the edge of the cliff-top, the completeness of the ellip-
tical crater rim is lacking, but the phenomenon of tongue-
like landslide at the downslope side as described by the
Aschauer & Kenkmann is well observed (refer to Figure

4)t8l,
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Figure 8. A sketch map showing the dimensions of the impact
crater located on the sloped terrain and the edge of a cliff-top.
(Dhofar Mountains, Dhofar Governorate, Sultanate of Oman).

One noteworthy observation from this research is
the distortion in the subsurface folds (supposed to be
monoclines) that is majorly evident in the tongue-like
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landslide section (refer to Figures 2 and 4a). As done
in this research, results from the experimental setup
with a simulated landscape environment with that of
the Dhofar impact crater underpins the consequences
of the impact on slopes (refer to Figure 7). Figure
7¢, which shows the final form of the landscape after
the impact (in experimental setup), highlights the evi-
dence of a crescent-shaped rim, the shifting of the deep-
est point towards the downhill, and a tongue-like land-
slide. Notably, the distortion of the simulated folds, es-
pecially at the tongue-like landslide, is observed in the
post-impact landscape. Studies related to the impact
craters and their consequences on the subsurface folds
are rare; thus, the Dhofar impact crater, because of its
location on a gorge’s cliff-top edge, offers an intriguing
window (cross-sectional view) to study the distortions
of sub-surface folds associated with the impact craters -
but for this extensive fieldwork is a need. Ignoring the
sizes of the impact craters on the Dhofar Mountains and
that of the unnamed Martian impact crater (confirmed
by Aschauer and Kenkmann), which is also in a similar
sloped terrain, the morphological features are similar to
each other[18],

Research by Zerboni et al. has proven that the
rugged terrains of Dhofar Mountain have been almost un-
inhabited since the Paleolithic and Neolithic periods (%],
Also, in this research, the verification of the small impact
crater’s structure during 1972 through the historical im-
agery confirms that the structure is not altered, which
affirms it is not a man-made one.

High-resolution satellite imagery of the Dhofar im-
pact crater shows a series of features oriented radially
and concentrically toward the rim (outwards) - these
features are, in general, the result of ballistics radial
flow during the excavation stage of the crater formation.
Also, vegetation is seen near the rim of this small impact
crater, and most of the region outside the crater is almost
free of trees (refer to Figures 4a and 6a). Cockell and
Lee, in their research, observed that the raised rim of a
crater system can be the first to be influenced by the aeo-
lian activity that will aid in trapping the soils in the gaps
of bedrock - this, in turn, will provide an ecosystem that
can support vegetation [23]; this is the reason vegetation
is seen near the rim of the Dhofar impact crater.

In this research, the optical high-resolution satel-
lite imagery like IRS Resroucesat-2A LISS-1V, online satel-
lite imagery base-maps, and archival imagery from the
CORONA program confirms the structure of the Dho-
far impact crater due to its surface expression acting
as an interpretation key. Imagery from the HiRise cam-
era showing a confirmed impact crater on Mars located
on similar geological settings like that of the impact
crater under investigation helped to deduce the similar-
ities between them. Global DEM of 12.5 m from ALOS
PALASR and the World Hillshade model has aided in
envisaging the study area in a 3D perspective and in
perceiving the topographic expression of the small im-
pact crater. Notably, the 0.7 m spaced elevation pro-
files from ICESat-2 photon data have enabled us to un-
derstand the along-track morphological features of this
unique small-impact crater. Together with the results
and observations from the experiments done by earlier
researchers and the impact simulation in a sandbox ex-
periment as done in this research, confirms the final
formation of a near-elliptical and crescent-shaped sim-
ple (non-complex) crater system on the target surface if
the impact collision happens on slopes and edge of the
gorge’s cliff-top.

5. Conclusions

Research on extraterrestrial impacts enhances our
understanding of the Solar System’s history, planets’
thermodynamic processes, and life’s evolution.

A surface expression representing a small impact
crater is discovered on the slopes of the Dhofar Moun-
tains, located in the Dhofar Governorate of Sultanate
of Oman. The location of the identified small impact
crater is ~20 km to the northwest of Salalah city. In
this article, we described the interpreted morpholog-
ical features of this small-impact crater using remote
sensing-based methods, archived imagery originally ac-
quired for reconnaissance survey, open access GDEM,
World hillshade dataset, and high-resolution ICESat-2
photons-based along-track elevations. Notably, the high-
resolution 2D profiles from ICESat-2 photon data helped
essay the along-track elevation profile of the crater’s
structure from rim-to-rim along with the deepest point.
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Besides the difference in size, this impact crater mostly
resembles an unnamed impact crater located on the
slopes of Tithonium Chasmato on Mars, which is con-
firmed through the HiRise imagery.

The morphological features of this impact crater,
especially the rim structure, occurrence of the deepest
point, and the tongue-like landslide at the downhill, are
well in sync with the results and observations done ear-
lier by the researchers through numerical simulations
and also proven to be in line with the impact simula-
tion done in a sandbox experiment as performed in this
study.

Although the crater described in this research is
near-elliptical and crescent, it is one of the rarest on
Earth, and its peculiarity is that it is also lying on sloped
terrain and the edge of a cliff-top. Interestingly, the
steeped slope of this gorge wall exposes the folds; this
feature enables one to study the bearing of extraterres-
trial impact on the subsurface features - this can be a
future scope of this study.

Our study reviewed the morphological features of
the Dhofar impact crater through a remote sensing per-
spective. The details regarding the angle of the impactor,
its dimensions, and the crater’s age are not studied in
this research - this is a limitation of this study, and fur-
ther scientific investigations are called upon with exten-

sive fieldwork and material analysis.
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