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Abstract: The Orientale impact basin is the youngest and most well-preserved of the lunar multi-ring
basins. The generally well-preserved ring structures and basin facies are distinctly anomalous in
the southwestern quadrant; the outer Cordillera ring extends significantly outward, the Outer and
Inner Rook mountain rings are more poorly developed and show anomalous characteristics, and the
Montes Rook Formation varies widely from its characteristics elsewhere in the basin interior. Based
on the gravity, image, and topography data, we confirmed that the southwest region of the Orientale
basin represents the location of a pre-existing ~320 km rim—crest diameter peak-ring basin centered
at 108.8°W, 28.4°S, and characterized by an ~170 km peak-ring diameter. We model the structure and
morphology of this large pre-Orientale peak-ring basin (about one-third the diameter of Orientale)
and show that its presence and negative relief had a distinctive influence on the development of the
basin rings (disrupting the otherwise generally circular continuity and causing radial excursions in
their locations) and the emplacement of ejecta (causing filling of the low region represented by the
peak-ring basin, creating anomalous surface textures, and resulting in late stage ejecta movement in
response to the pre-existing peak-ring basin topography. The location and preservation of the peak—
ring basin Bouguer anomaly strongly suggest that the rim crest of the Orientale basin excavation
cavity lies at or within the Outer Rook Mountain ring.

Keywords: pre-Orientale southwest peak-ring basin; topographic reconstruction; Orientale basin
ring formation; ejecta emplacement

1. Introduction

The Orientale basin is the youngest multi-ring basin and preserved the origin charac-
teristics of the impact basin well [1-5] displaying four distinct concentric rings, Inner De-
pression (~320 km), Inner Rook ring (~480 km), Outer Rook ring (~620 km), and Cordillera
ring (~930 km), respectively. Based on previous research results and topographical features,
we have initially drawn different ring structures of the Orientale basin (Figure 1). The
Cordillera ring is continuous and well-preserved in all directions around the basin except
the southwestern region (Figure 1), where the massifs most extensively developed and ring
structures are difficult to distinguish and several previous mapping efforts have noted an
outward excursion of massifs and ring structures in this region [3,4,6,7]. Meanwhile, the
Montes Rook Formation is largely restricted to the Orientale interior and the smooth mem-
ber of the Montes Rook Formation is mainly concentrated in the southwestern quadrant
of the basin interior with minor extensions beyond the Cordillera basin rim crest [7]. In
addition, the Outer Rook ring is likewise distorted from its mostly circular expression in
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this topographically complex southwestern region, displaying wider ring massifs. Why are
the Cordillera and Outer Rook ring not as well defined in this location? The complicated
structures have been suggested to be related to an oblique basin-forming impact, orien-
tation of preexisting crustal weaknesses [6], the presence of a pre-Orientale basin [8-10],
or increasing lithospheric thickness towards the west [11]. Head et al. (2010) recognized
the southwestern region as a basin based on the Lunar Reconnaissance Orbiter (LRO)’s
Lunar Orbiter Laser Altimeter (LOLA) data that superposed on a hillshade rendering of
LOLA topography [12]. On the basis of GRAIL and LOLA data, Neumann et al. (2015)
recognized this basin as a peak-ring basin with only one topographic ring and no interior
peak-ring or central peak structure [13], but the diameter is only ~276 km, which is underes-
timated when compared to the Schrodinger basin (~325 km) with a similar Bouguer gravity
anomaly pattern. Morse et al. (2018) pointed out the existence of several pre-existing
impact structures measuring between 60 and 150 km in diameter which disrupted the
coherent development of the Cordillera scarp [14]. However, these pre-Orientale Basin
topographic features are still unknown, which raises some of the following questions:
(1) How does pre-existing topography influence the nature, style, and formation of the
rings of Orientale basin and what ring is the closest approximation to the transient cavity
rim (excavation/ejection) boundary)? (2) What is the role of pre-existing topography in
assisting/inhibiting /modifying ejecta emplacement of the Orientale basin?

The occurrence of a highly degraded pre-Orientale peak-ring basin (PRB) adjacent to
the Orientale basin to the southwest could be an important key to address these questions.
In this study, based on the GRAIL bouguer anomaly data, Wide Angle Camera (WAC) of
Lunar Reconnaissance Orbiter Camera (LROC) data, and SLDEM2015 data (a topography
product of the LOLA data with the SELENE Terrain Camera stereo data), we confirmed
that a pre-Orientale Southwest PRB is located at the southwest region of Orientale basin.
The center of this southwest PRB is 108.8°W, 28.4°S with a ~320 km rim—crest diameter and
a ~170 km peak-ring diameter.
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Figure 1. Ring configuration of the Orientale basin and black box is the study region: (a) WAC image mosaic; (b) SLDEM2015

colored gridded topography (orthographic projection centered at 19°S, 95°W).
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2. Data and Methods
2.1. Data

The Lunar Reconnaissance Orbiter Camera (LROC) is a system of three cameras
mounted on the Lunar Reconnaissance Orbiter (LRO) that capture high resolution black
and white images and moderate resolution multi-spectral images of the lunar surface.
WAC image mosaic has a spatial resolution of 100 meters/pixel in seven color bands
over a 60 km swath [15]. The Gravity Recovery and Interior Laboratory (GRAIL) mission
flies twin spacecraft in tandem orbits around the moon for several months to measure its
gravity field in unprecedented detail [16,17]. The current gravity model, GRGM1200A,
is derived from spherical harmonic expansions of the lunar gravitational potential to
degree and order 1200, with sensitivity down to ~4.5 km resolution [18], archived at the
PDS Geosciences node (http://pds-geosciences.wustl.edu/, accessed on 6 May 2021).
Spacecraft are sensitive to the entire planetary gravity fields, also called “free-air”. Through
geophysical modeling, such gravity field measurements can be used to understand the
subsurface structure and density of planetary bodies. Assuming a constant crustal density,
the gravity field induced by the topography is called Bouguer correction. The Bouguer
gravity can be used to highlight the contributions from subsurface mass anomalies [16].
The SLDEM2015 digital elevation model (DEM) with a resolution of 512 pixels per degree
(59 m/pixel) is the combination product of the LOLA data with the SELENE Terrain
Camera stereo data [19] and available from the Planetary Data System LOLA data node
(http:/ /imbrium.mit.edu/EXTRAS/SLDEM?2015/, accessed on 6 May 2021), which has
many geophysical and cartographic applications in lunar science, as well as exploration
and mission design.

2.2. Methods

In this study, for the Bouguer map, we truncated the Bouguer gravity data into
7-600 degree and order, aiming to highlight mid-to short-wavelength structure and reduce
the effects of regional (long-wavelength) patterns on our analyses [20-22]. Firstly, we
determined the center of this candidate PRB according to the maximum Bouguer gravity
anomaly in the central area. In order to reduce the influence of local changes of gravity
anomalies and obtain characteristics of the Bouguer gravity anomaly for this region more
accurately, we have measured the azimuth radial profiles of Bouguer anomaly by 1° bearing
from the north (clockwise, total 360 lines), and we computed the average radial profile to
estimate the Bouguer gravity anomaly trend from the basin center to outward of PRB and
determine the place of the minimum Bouguer gravity anomaly, which can help to estimate
the approximate size of this candidate PRB.

We use WAC image mosaics and SLDEMZ2015 data to display the relationship of
stratigraphy and lobe morphology for the southwestern region of Orientale Basin. Based
on the SLDEM2015 data, we have measured the azimuth radial profiles of elevation by 1°
bearing from the north (clockwise, total 360 lines) and computed the average radial profile
to determine the diameter of rim—crest and peak-ring. Meanwhile, we measured the depth
of this candidate basin. We also produced a hill-shaded map of the research region based
on the SLDEM2015 to better highlight the morpho-structural features of the candidate
basin. In addition, combining the statistical and empirical formulas (see Formulas (3) and
(4) below), we estimated the model initial depth of PRB and the eject thickness from the
Orientale basin on this southwest region to explore the evidence or clue for this study. In
order to reconstruct the topography of this candidate PRB, we compare the gravity and
topography features to a well-preserved peak-ring basin.

3. Results
3.1. GRAIL Bouguer Gravity Anomaly Reconstruction
The Bouguer anomaly (BA) is calculated by removing the separately measured to-

pography. For a typical peak-ring basin, there is usually a large positive BA within a
peak-ring and a small or negative anomaly between the peak-ring and the inward edge
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of the rim-crest. This is a previously recognized pattern that can help us to recognize the
degraded basins that lack apparent rings [13,23,24]. In addition, the correlation between
the diameter of the central high Bouguer gravity anomaly and the rim—crest diameter for
a well-preserved PRB can aid the identification and characterization of basins for which
topographic signatures have been obscured by superposed cratering, ejecta emplacement,
or volcanism.

The Bouguer anomaly map of this candidate PRB did have the feature pattern, with
central high BA and surrounded by lower BA (Figure 2a). In this study, we firstly de-
termined the center of this candidate PRB according to the maximum Bouguer gravity
anomaly in the central area. In addition, the center of this candidate basin is located at
108.8°W, 28.4°S. Secondly, we measured the azimuth radial profiles of Bouguer anomaly by
1° bearing from the north (clockwise, total 360 lines) (Figure 2b) and computed the average
radial profile to display the relationship between BA value and basin radius (Figure 2c).
The Bouguer anomaly map of the southwestern region of the Orientale basin clearly illus-
trates a higher central anomaly surrounded by a lower anomaly. The maximum positive
Bouguer anomaly ~235 mGal and the minimum value is ~5 mGal (Figure 2c). Following
and comparing the locations of the main features of average Bouguer anomaly profiles for
PRBs [23], this region has a similar gravity anomaly pattern except the BA value is almost
positive (Figure 2a). The lower anomaly annulus extends from the edge of a central positive
anomaly and reaches a minimum at approximately midway between the peak-ring and
rim-crest. The distance between maximum and minimum value of gravity anomaly is
defined as Rp4, which has a relationship with the rim—crest radius follows the statistical
formula [23]:

Rpa = 0.74R £ 0.06R (1)

R is the radius of rim—crest and Rpy is the distance between the maximum central
gravity anomaly and minimum gravity anomaly value.

In this study, the measured Rpa value is ~130 km, and calculated the rim—crest radius
of this candidate PRB is about 175;%% km. The Bouguer anomaly contrast of this candidate
PRB is about 230 mGal, which is close to the relationship between Bouguer anomaly
contrast and main ring diameter [13] (Figure 3).
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Figure 2. (a) Bouguer anomaly map of the Orientale basin’s southwestern region; (b) the azimuth radial profiles of elevation

by 1° bearing from the north (clockwise, total 360 lines); (c) the average radial profile (red curve) of Bouguer anomaly and

uncertainties (one standard deviation, between the two black curves). The distance between maximum central gravity
anomaly and minimum gravity anomaly value (Rpa) is ~130 km. (Orthographic Projection centered at 108.8°W, 28.4°S).
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Figure 3. Bouguer anomaly contrast versus main ring diameter (log scale) on the near-side and
far-side of the Moon [13]. Open symbols represent possible basins in which multiple rings are not
preserved. Green star is the candidate peak-ring basin in southwest of the Orientale basin. The rate
of increase in Bouguer anomaly contrast given by a log-linear least squares fit to diameter (dashed
line) is about 240 mGal per factor of 2 increase in diameter.

3.2. Topographic Reconstruction of the Original Basin

The degraded pre-Orientale candidate peak-ring basin is adjacent to the Orientale
basin to the southwest. Head et al. (2010) recognized the southwestern region as a basin
based on the LOLA data superposed on a hillshade rendering of LOLA topography [12].
In this study, based on the center of this candidate PRB that is confirmed by a Bouguer
anomaly map, using the SLDEM2015 data, we have measured the azimuth radial profiles
of elevation by 1° bearing from the north (clockwise) (Figure 4d).

On the average azimuth radial profile of topography, we determined the location of
rim—crest according to the maximum elevation value, and the radius of main rim—crest
is ~160 km (diameter is ~320 km), which is consistent with the result inferred from the
Bouguer anomaly map. Along the radial direction to the center of the basin, we determined
the location of peak-ring according to the second peak value of elevation, and the radius of
peak-ring is ~85 km (diameter is ~170 km). Meanwhile, we still can identify the remnants
of the potential impact structures that can be seen as roughly circular rings after forming
the Orientale basin (Figure 4a). Baker et al. (2011) [25] used LOLA data to conduct a survey
of craters >50 km in diameter on the Moon, and found a relationship of power-law fit
between the peak-ring diameter and rim—crest diameter of peak-ring basins, and the ratio
range from 0.35 to 0.56 [25]:

Dying =0.14 £ 0-10(D,)1'21i0-13 -

Dyjyg is the diameter of peak-ring and D, is the diameter of rim—crest diameter.

For this candidate PRB, the ratio of peak-ring and rim—crest diameter is ~0.53, which
is consistent with the statistical result above.

In order to estimate the influence for ejecta emplacement of Orientale basin, we mea-
sured the observed depth of this candidate PRB, calculated from the maximum elevation
along basin rim to the lowest point on the floor, is about 3.2 km. Meanwhile, we estimated
the initial depth after basin formation based on the empirical power law [26]:

log,o(d) = 0.41 x (logy,(Dy))*> ®)
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where d is the depth and D is the diameter of rim-crest.
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Figure 4. Southwestern region of the Orientale basin: (a) WAC image mosaic; (b) SLDEM2015 hillshade gridded topography;
(c) SLDEM2015 colored gridded topography at 59 m/pixel; (d) average azimuth radial profile (red curve) of topography and
uncertainties from the averaging are shown as one standard deviation (between the two black curves). The black circle is
the rim—crest of the proposed peak-ring basin that is also found in the Bouguer anomaly map (Figure 2), the red circle is the
proposed wall, which is the transition zone from the rim to the boundary of the basin floor, the green circle is the proposed
peak ring, and the preserved peak-ring was marked by a white arrow and the lobe was marked by a yellow arrow.

The initial depth of this candidate PRB is about 4.90 km, which is larger than observed
depth. In this region, the key factor that may be contributing to the smaller depth is
the emplacement of ejecta from the Orientale that deposited and superposed on this
candidate peak-ring basin. The thickness of ejecta surrounding impact basins on the Moon
is approximately modeled by the equation [27]:

T =0.14 x R%7* x (r/R) 30 (4)

where T is the thickness of ejecta, 7 is the range from the center of the basin, and R is the
basin radius, and all units are in meters.
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For the Orientale basin, the radius is about 465 km (465,000 m), and we estimated
the ejecta thickness at the edge of Cordillera ring at about 2190 m, decreasing ~14 m with
1 km distance outside the Cordillera ring, and this result is consistent with the measured
result from LOLA data [28]. Following this empirical formula, the ejecta thickness of the
Orientale basin, from the center of this peak-ring basin to 160 km (one radius distance)
outside of this center, has an estimated range from 0.8-1.8 km, and the ejecta thickness of
Orientale basin deposited on the center floor, peak-ring, and rim—crest region are estimated
as 1.8 km, 1.1 km, and 0.8 km, respectively. We can infer, before impacting of Orientale
and depositing of ejecta, that the initial depth of this candidate peak-ring basin should be
4-5 km with a medium of 4.5 km in depth, which is close to the modeled result (4.9 km).

For an impact basin, the wall is the transition zone from the rim to the edge of the
basin floor. Baker et al. (2011) [25] found that wall width decreases from ~30% to ~17%
of rim—crest radius from protobasins to the largest peak-ring basins [25]. Based on the
average azimuth radial profile of topography, we estimated the wall width is ~40 km, and
the radius distance from the basin center is ~120 km. The ratio of the width to the basin
radius is ~25%, which is consistent with statistical results.

3.3. Morphologic Reconstruction: Comparison to Schrodinger Peak—Ring Basin

Based on the GRAIL Bouguer gravity anomaly data, we confirmed that this candidate
peak-ring basin does exist in the southwestern region of the Orientale basin. However, the
initial structure was destroyed by the Orientale impact event or later geological processes.
In order to complete reconstruction of this candidate peak-ring basin, we can compare to
a similar size peak-ring basin, which is well-preserved. On the Moon, the Schrodinger
peak-ring basin, located on the lunar far-side and within the oldest South Pole-Aitken
basin (centered at 132.9°E, 74.7°S), is one of the least modified lunar peak-ring basins with
a well-preserved gravity anomaly feature and morphological structure [5,29-32].

In this study, we first compared the Bouguer gravity anomaly characteristics of the
candidate PRB and Schrédinger PRB, and they have a similar feature pattern with central
high BA and are surrounded by lower BA (Figure 5a,b). We also measured the azimuth
radial profiles of Bouguer anomaly by 1° bearing from the north (clockwise, total 360 lines)
for the Schrédinger peak-ring basin, and, compared to this candidate PRB, they have a
similar trend from the basin center to the edge of PRB, except the BA value (Figure 5c).
In addition, the Rp4 of Schrodinger PRB is about 140 km, which is close to Rpa of this
candidate PRB (Rpy4 is about 130 km), indicating that they are relatively close in size.

Secondly, we compared the topographic features of the two basins. For this candidate
PRB, the topography has been destroyed and only existed remnants of the potential ring
structures (Figure 5d). However, for Schrodinger PRB, the rim—crest is well-preserved and
approximately circular, and the inner peak-ring is represented by a discontinuous ring
of mountains (Figure 5e). In this study, we also measured the azimuth radial profiles of
elevation by 1° bearing from the north (clockwise, total 360 lines) for Schrodinger PRB and,
compared to this candidate PRB (Figure 5f), with the similar trend of from the basin center
to the edge of PRB, except the elevation value. The rim—crest and peak-ring’s diameters
of Schrodinger PRB are ~325 km and ~166 km, respectively. Similarly, the rim—crest and
peak-ring’s diameter of this candidate PRB are ~320 km and ~170 km, respectively. It is
worth noting that the average observed depths of the two PRBs are obviously different. The
average observed depth of Schrodinger PRB is about 4.2 km, while this candidate PRB’s
average observed depth is only about 3.2 km. In addition, we estimated that the ejecta
thickness of the Orientale basin on this candidate PRB region has a range from 0.8-1.8 km
(Section 3.2, Formula (4)). Considering the influence of the deposited ejecta from the
Orientale basin, if we remove the eject thickness, the depth of this candidate PRB ranges
from 4.0-5.0 km, which is similar to the average observed depth of Schrédinger PRB.

Through the above comparison and analysis, we further confirmed that this candidate
PRB is a pre-existing PRB before the Orientale impact event. Both two PRBs are very
close in size, and the Schrodinger basin can be a good example for a comparison and
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reference to reconstruct the modified candidate peak-ring basin in this study (Figure 5).
The relative fresh morphologic structure of the candidate peak-ring basin should be
similar to Schrodinger PRB, with a well-preserved circular rim—crest and inner peak-ring.
However, the current topography is destroyed by formation of the Orientale basin’s rings,
which are disturbed by this pre-existing negative topography in the meantime.
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Figure 5. Comparison between pre-Orientale southwest peak-ring basin (left panel) and Schrodinger peak-ring basin
(middle panel): Bouguer anomaly (up, a-c), Topography (down, d—f). (a,d: Orthographic Projection centered at 108.8°W,
28.4°S; b,e: Orthographic Projection centered at 132.9°E, 74.7°S).

4. Discussion

The surface of the moon is almost completely full of impact craters and basins. For
degraded basins, it is difficult to recognize from the topography feature. The Bouguer
anomaly (BA) is calculated by removing the separately measured topography, which
retains the deep structural features of the impact basin, such as substantial mantle uplifts.
For a typical peak-ring basin, the identified Bouguer anomaly pattern is usually a large
positive BA within the peak-ring and surrounded by lower BA, which can be used to
recognize the degraded basins that lack apparent rings [13,23,24]. In addition, the empirical
relationship between the diameter of the central high Bouguer gravity anomaly and the
rim—crest diameter for a well-preserved PRB can aid the identification and characterization
of basins for which topographic signatures have been obscured by superposed cratering,
ejecta emplacement, or volcanism formula [23]. Combining the high-resolution topography
data and empirical formulas, we can recognize the remnant ring structure, which provides
additional evidence to confirm a degraded or buried basin on the Moon. In addition,
we can reconstruct the relative initial topography of a degraded basin by comparing and
referencing a typical and young basin with a similar size, which can provide plenty of clues
or evidence for reconstruction.

At the southwestern region of the Orientale basin, the massifs most extensively de-
veloped where ring structures are difficult to distinguish, and the previous geologic map
showed an outward extension of Cordillera ring [3,4,6,7]. Our study confirms previous
interpretations that a large pre-Orientale peak-ring basin is located southwest of the Ori-
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entale basin. The remnants of this potential PRB ring structures can be seen as roughly
circular features of high topography encircling a lower topography (Figure 4). This can-
didate PRB’s average observed depth is only about 3.2 km. In addition, we estimated
that the ejecta thickness of the Orientale basin on this candidate PRB region ranges from
0.8-1.8 km (Section 3.2, Formula (4)). Considering the influence of the deposited ejecta
from the Orientale basin, if we remove the ejecta thickness, the depth of this candidate PRB
ranges from 4.0-5.0 km, which is close to the modeled result (4.9 km) and similar to the
average observed depth of Schrodinger PRB. The presence of pre-existing PRB structures
disrupted the coherent formation of the Cordillera ring, which cuts and crosses the PRB in
the meantime. In addition, the edge of this PRB is close to the edge of the Outer Rook ring,
which was also interrupted by this pre-existing PRB and contributed to the complexity of
this region with a wide and discontinuous massif. When taking these topographic features
into consideration, we suggest that the Cordillera ring would be more complete and more
continuous across this southwestern region with a distinct low topography space, similar
to the rest of the Orientale basin with nearly circular rings. Thus, we can also infer that
the Cordillera ring is a quasi-circumferential and semi-continuous distinctive scarp [14]
through the center of this southwestern PRB; in addition, the Outer Rook ring formed at
the edge of this PRB.

Due to the pre-existence of the negative-relief topographic structures, the portion
of ejecta flow material from Orientale around this region should have overcome this
topographic obstacle, such as rim and peak-ring of this PRB, and then collected in the
low interiors, which is the main reason that the smooth member of the Montes Rook
Formation is mainly concentrated in the southwestern quadrant of the basin interior with
minor extensions beyond the Cordillera basin rim crest [7]. A flow lobe was also seen at
this extension region (Figure 4a), suggesting some type of fluid movement of material
during the late stages of emplacement and deposited there. Furthermore, the location and
preservation of the peak-ring basin Bouguer anomaly strongly suggest that the rim crest of
the Orientale basin excavation cavity lies at or within the Outer Rook Mountain ring.

5. Conclusions

The southwestern region of the Orientale basin is topographically complex, where
the Cordillera ring is an outward excursion of ring structures and the Outer Rook ring
is likewise distorted with wider ring massifs. The occurrence of a highly degraded pre-
Orientale peak-ring basin (PRB) adjacent to the Orientale basin to the southwest could
be an important key to address these questions. In this study, based on multiple datasets,
including the GRAIL Bouguer gravity anomaly, SLDEM2015, and WAC mosaic images,
combining the statistical and empirical formulas [13,23,25-27], we confirmed that the
southwestern region of Orientale basin is a pre-existing peak-ring basin, whose center
is 108.8°W, 28.4°S with ~320 km rim—crest diameter and ~170 km peak-ring diameter.
In addition, we compared this candidate PRB to the Schrodinger PRB to reconstruct the
topography of this Pre-Orientale southwest PRB. This candidate PRB’s average observed
depth is only about 3.2 km. Considering the influence of the deposited ejecta from the
Orientale basin, if we remove the ejecta thickness, the depth of this candidate PRB ranges
from 4.0-5.0 km, which is close to the modeled result (4.9 km) and similar to the average
observed depth of Schrodinger PRB. The pre-Orientale peak-ring basin, negative-relief
topographic structures, disrupted the coherent development of the Cordillera ring and
emplacement of ejecta when forming the Orientale basin, which is the reason that the
smooth member of the Montes Rook Formation is mainly concentrated in the southwestern
region. Without the presence of this pre-existing peak-ring basin, the Cordillera would be
more complete and more contiguous through this southwestern section, which would be
more similar to the rest of the Orientale basin that has close to circular rings.
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