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Abstract Arabia Terra features many tectonic structures, which have been correlated to episodes of
incipient tectonics, massive impacts, and controls on fluvial systems. However, the extent of regionally
distributed tectono-volcanism and its effects on local structures remains unknown. To characterize

the prevalence of volcanically driven processes in this region, we investigate the geomorphic features

of an unnamed ~85-km diameter and 3.6 Ga old floor-fractured crater (FFC) in North-Central Arabia
Terra. Widespread crater floor rocks resemble layered sedimentary deposits. Nevertheless, the central
crater floor hosts mounds and linear ridges, which have higher thermal inertia than the surroundings,
indicating a provenance distinct from the sedimentary units. Crosscutting relationships suggest that the
mounds and ridges are stratigraphically overlying the layered sedimentary rocks. Morphologically and
morphometrically, the mounds and ridges resemble known Martian and terrestrial volcanic cone and
dike systems. Unlike other FFCs of Arabia Terra, the dikes and cone azimuths consistently orient in the
NW-SE direction, implying that regional tectonic controls on their formation overrode localized effects
of the crater-forming impact. Our observations collectively support magma intruding and erupting
along regionally controlled tectonic structures; the migration of magma was perhaps facilitated by the
impact that formed the host crater. Consequently, the studied FFC may represent a category of hitherto
unrecognized numerous small-scale volcanic centers controlled by regional tectono-volcanism within
Arabia Terra. This is also consistent with regionally distributed magmatic systems in the late Noachian to
early Hesperian, associated with a thermally eroded crust.

Plain Language Summary The highly cratered plain of Arabia Terra is one of the oldest
provinces of Mars and is situated at an important geologic division between the Martian highlands and
lowlands. Northern Arabia Terra has been reported for preserved plain-style caldera complexes, which
resemble terrestrial supervolcanic calderas. In this context, we discuss previously unrecognized evidence
of intrusive igneous process at the center of a floor-fractured crater (FFC) in North-Central Arabia Terra.
We consider whether the observed geomorphic features are related to impact cratering or to regional
intrusive activity during the late Noachian-early Hesperian. Our study reveals the existence of volcanic
cones and dikes within the central floor of the crater. We also observe a preferred orientation of the
igneous features, which shows a parallel alignment to regional linear tectonic features. We suggest that
the igneous intrusions within the FFC were controlled preferably along the preexisting weak planes

(i.e., faults) in response to the regional tectonism, while the magmatism was primarily triggered by the
FFC-forming impact event. These findings shed new light on the regionally distributed magmatic systems
within Arabia Terra during the late Noachian and early Hesperian.

1. Introduction

Arabia Terra, as characterized by crater size-frequency dating (Michael, 2013) and geological mapping
(Tanaka et al., 2014), dates to the Late to Mid Noachian, making it one of the oldest terrains on Mars.
Past studies suggest that Arabia Terra experienced extensive surface modification (Hynek & Phillips, 2001;
McGill, 2000) by glacial (Carr, 1986; Zeilnhofer et al., 2018), fluvial (Davis et al., 2016; Dohm et al., 2007),
massive impact (Dohm et al., 2007), aeolian (Rodriguez et al., 2010; Silvestro et al., 2011), tectonic (Anguita
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Figure 1. Thermal Emission Imaging System daytime Infrared basemap of eastern Arabia Terra region overlain by
color coded Mars Orbiter Laser Altimeter and High-Resolution Stereo Camera topographic map (location of Eastern
Arabia Terra marked by a black box in global map at the upper left), showing distributions of floor-fractured craters
(FECs; after Bamberg et al., 2014) and wrinkle ridges. The white box in global inset map indicates the study area of
Michalski and Bleacher (2013). The unnamed FFC of this study is marked by a red box and a red star in Mars globe.
Blue boxes demarcate other FFCs (only two are shown in Figure S1 in Supporting Information S1, as example), which
abundantly present in Arabia Terra.

et al., 1997), and hydrothermal processes (Noe Dobrea et al., 2010; Oehler & Allen, 2010). The broad range
of process interpretations at times contradict each other, warranting a further study of Arabia to gain insight
into its evolution.

The densely cratered landscape of Arabia Terra (Greeley & Guest, 1987) is broadly characterized as hav-
ing a relatively thin crust (Neumann et al., 2004). Over this thin crust, a large fraction (more than 50% of
Mars) of floor-fractured craters (FFCs) have been identified (Bamberg et al., 2014; Schultz & Glicken, 1979)
(Figures 1 and S1 in Supporting Information S1). This thin crust features numerous wrinkle ridges (Fig-
ure 1), indicating a regional-scale tectonism (Anderson et al., 2008; Bamberg et al., 2014; Dohm et al., 2002;
Golombek et al., 2001). Similarities in wrinkle ridge orientations span from southwestern Arabia Terra on
Noachian ridged plateau unit (Greeley & Guest, 1987) to Northwestern Arabia Terra near a possible in-
stance of ancient intense magmatism (Bates et al., 2020; Michalski & Bleacher, 2013; Whelley et al., 2021).
The nature of these wrinkle ridges in context with regional magma bodies intruding tectonically driven
faults (i.e., tectono-magmatism) remain unclear. Our work attempts to correlate the igneous features within
aroughly 3.6 Ga old crater to a said regional tectono-magmatism.

We pursue a case study in the north-central region of Arabia Terra, with specific focus on an impact crater,
which we consider a type example for igneous features formed through the regional tectono-magmatism.
Our detailed geological investigation within Arabia Terra (geographic extent: 44°N to 8°N and —4°E to
60°E) characterizes the distribution and orientation of wrinkle ridges in a regional context (Figure 1). For
local insight into geologic processes, we morphologically and structurally characterize an ~85-km diameter
FFC, centered at 28°N, 28°E. This FFC contains preserved ridges, mounds, mesas, and layered sedimentary
rocks within the central floor of the crater, which resides in the North-Central Arabia Terra region (Fig-
ures 2a and 2b; Rani et al., 2020; Schultz & Glicken, 1979). Taken together, the observations reported in this
study help to characterize the possibility of regional tectono-magmatism within Arabia Terra.
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Figure 2. (a) Magnified view of the study crater using Context Camera (CTX) images. The white box is the central part
of the crater with a distinct geomorphology shown in Figure 3a, and the yellow box represents the crater floor features
outside the central part. (b) Thermal Emission Imaging System nighttime Infrared image illustrates the material
property of different landforms within the crater. (c) CTX image-based geomorphic map of the study crater at a 1:15,000
scale with the crater boundary marked by a solid black line. The legend is shown at the right side with different relevant
landforms present inside the crater. (d) Mesas at the outside part of the crater floor are displaced from each other by
fractures. Four blocks were plausibly the parts of a single unit close to the crater rim wall, indicating a floor-fracture
crater. Arrows mark the displacement direction of the adjacent blocks (CTX image credit: NASA/JPL-Caltech/MSSS).

2. Data and Methods

We use Mars Reconnaissance Orbiter (MRO) Context Camera (CTX; ~6 m/pixel; Malin et al., 2007) images
of Arabia Terra to identify the geomorphic features (i.e., linear and wrinkle ridges, mounds, etc.) inside and
outside the study crater using ArcMap 10.0 (Environmental Systems Research Institute, Inc. Redlands, CA,
USA). MRO High-Resolution Imaging Science Experiment (HiRISE; ~0.25 cm/pixel; McEwen et al., 2007)
images are used to identify the boulders at flanks of ridges because the boulders are generally larger than
the resolution of HiRISE, but smaller than the resolution of CTX. For the detailed topographic investigation
of morphological units identified inside the study crater, CTX and HiRISE stereo imagery is used for gen-
erating Digital Terrain Models (DTMs) (Malin et al., 2007; Shean et al., 2011). The built-in pipelines of the
Mars Information System (MarsSI) are used to process the CTX and HiRISE stereo imagery and to create the
DTMs (Lozac'h et al., 2015; Quantin-Nataf et al., 2018). One CTX and two HiRISE stereo image pair, mainly
covering the central portion of the crater, is available for the study crater.

To characterize and correlate the linear geologic features (i.e., ridges) of the study crater with any regional
tectonism that may have been active in the past, we plot the orientations of the linear features in rose dia-
gram. Topographic variability of the North-Central Arabia Terra is analyzed using Mars Orbiter Laser Al-
timeter and High-Resolution Stereo Camera (MOLA-HRSC) blended Digital Elevation Model (DEM) data
(spatial resolution ~200 m/pixel) (Fergason et al., 2018).
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Using HiRISE DTM, we calculate height, width, length, and spacing of the ridges and generate slope maps.
We also calculate the slope angle of the ridges by dividing the height with width to depict the steepness of
ridges. The orientation of the linear ridges is calculated by weighing the direction with the length, which
represents the vector quantity that can be computed as the azimuth in rose diagram. Using CTX DTM
data, we estimate mound morphometry with average height (H), average basal diameter (W), and average
flank slope (a). Highly degraded and very small-sized mounds of a few tens of meters in height (<50 m)
are excluded from the morphometric calculations. Mound height is calculated by subtracting the values of
the surrounding areas adjacent to the mound (determined from MOLA data) from the maximum elevation
point. The errors in measuring the average basal diameter and average mound height are estimated by
dividing the mean by deviation from the least squares best fit. The slope of each of the mounds («,) is man-
ually calculated by the numerical differentiation of a cone’s shape using the following formula

a.(h) = 0.1} 00 a(n')dn (1)

=2
where h =

,he <0.05, 0.95>; z, corresponds to the zero height i.e., base level; and z, corresponds to
1~ 2
maximum height (after Broz et al., 2015).

To examine the correlations in the spatial distributions of mounds, we use a two-point azimuth technique,
within ArcGIS, which measures the alignment of the mounds relative to each other (Bleacher et al., 2009;
Connor & Conway, 2000; Lutz, 1986; Roberts et al., 2011). The method that most accurately captures the
spatial correlations of mounds involves representing mounds as points in space through the use of probabil-
istic lattice point distributions (Wadge & Cross, 1988). As the paleo-propagation direction of the mounds is
unknown, we use the acute angle between each connecting line segment of the mounds and an imaginary
geographic N-S line as the azimuth. This technique has been widely used to quantify trends within the
structural geology of igneous mounds and vents at varying scales, from tens of meters to thousands of kilo-
meters, which makes it ideal for this study (Bleacher et al., 2009; Roberts et al., 2011; Wadge & Cross, 1988).

We also characterize thermal inertia (TI) of different surface materials on the studied features using the
Thermal Emission Imaging System (THEMIS) onboard Mars Odyssey. We use a qualitative THEMIS In-
frared (IR; ~100 m/pixel) nighttime imagery (THEMIS_TI_Mosaic_Quant_00NOOOE, band 9, transparent
to the atmosphere, absolute accuracy ~1 K) to calculate TI (Christensen et al., 2003; Fergason et al., 2006).
Nighttime, especially predawn IR images intrinsically depend on material properties, show little or no ef-
fect from albedo, and are minimally affected by a topographic variation (Cushing et al., 2009). The nature
of the surface materials, such as hard rock or soft unconsolidated sand or dust, can be distinguished using
the range of values from THEMIS_TI data. We use this relationship to distinguish the different geomorphic
units as well as dust-covered surfaces.

3. Results of the FFC Case Study

The thermal nighttime image (THEMIS_TTI) provides data for thermophysical analysis of the various land-
forms observed in the high-resolution visible wavelength images by CTX and HiRISE. The geomorphic
features at the central portion of the crater (linear ridges and mounds; Figure 2a) have higher TI values
(~140 Jm—2K~1s~12) relative to the surroundings (~40 Jm~2K~'s~'/?) (Figure 2b). The linear ridges and
mounds have considerably higher TI values than the equally elevated landform mesas (40-45 Jm—2K~s~1/2),
In the nighttime THEMIS IR image, the linear ridges and mounds of FFC stand out brightly from the
surrounding landscape, namely mesa and sedimentary layers (Figure 2b). Relative to FFC's immediate
surroundings, these values are significantly high, although this area is generally dust obscured (Amador
et al., 2010; Farrand et al., 2005; Williams et al., 2018).

The ~85-km diameter FFC (Figure 2a) has degraded considerably. The numerical model age of the crater
as calculated by the least-squares fit age using a crater size-frequency distribution is 3.6t3;3§ Ga, which is
based on 14 mapped craters in the study crater with diameter greater than 1 km (Figures S2a and S2b in
Supporting Information S1). This numerical age corresponds to the late Noachian-early Hesperian epoch.
Given that the FFC lacks a distinguishable ejecta blanket, doming of crater floor and shows abundant
evidence for erosion, crater rim degradation, redistribution of material within the mantling units, terrain
inversion, and aeolian activity, the crater size-frequency distributions may more accurately represent the
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Figure 3. (a) 2D Digital Terrain Model (DTM) is overlain on Context Camera (CTX) images of the central part of the crater, showing anomalous features of
variable elevation at the central portion of the crater (CTX image credit: NASA/JPL-Caltech/MSSS, Digital Elevation Model credit: USGS Astrogeology Science
Center). (b) CTX-DTM-derived 3D view of central portion of the crater, showing different morphological features such as mounds, ridges, fault, mesas, and so
on. CTX stereo images P21_009232_2084 and J10_04846_2083 (no vertical exaggeration) for both.

surface age and not the formation age of the landscape. A few hundred km long fluvial channel entered the
study crater, likely connecting with Cerulli crater (130 km diameter, ~300 km to the southeast), breached
the western rim and deposited a fan near the rim (Figures 1 and 2a-2c). The crater floor hosts layered sedi-
mentary rocks plausibly deposited from the incised channel(s). The crater floor annulus along the rim wall
is consistent with characteristics of a typical FFC; specifically, the floor is dissected by fractures and divides
into mesas, ranging in size from a few hundreds of meters to ~2 km (Figure 2d). Diverse geomorphic fea-
tures with a positive relief, such as mounds, linear ridges, mesas, and faults at the central part of the crater
over the layered sedimentary rocks, are identifiable from shape and appearance (Figures 2c, 3a, and 3b).
The isolated mesas are nearly elliptical, elongated, and irregularly shaped; mounds are semicircular to
circular cone-shaped elevated features; and ridges are long and linear with very high length-to-width ratios
(Figures 2c, 3a, and 3b).

3.1. Mesas

A simplified morphologic map outlines the distribution of geomorphic features observed inside the crater
(Figure 2c). The floor of the interior of the crater is layered and also shows mesa-like features (Figures 4a
and 4b). The isolated mesas are of near elliptical, elongated, and irregular shapes with steep flanks. Also,
the plain surface on the basement unit at the central part of the crater consists of ridged plain features
(Figure 4c). The terraced sedimentary layers are occasionally characterized by elliptical- or irregular-shaped
positive relief features, which resemble mesas up to ~150-m high (Figures 4a, 4b, and 4d). The crater floor at
the low-lying regions, where eroded, exposes nearly horizontal layers and terraces on the scarps (Figures 4a
and 4b). Isolated mesa tops feature relatively high crater areal density, consistent with the original surface of
the crater floor with a few inverted terrain features at its top (Figure 4d). Unlike mounds, mesas are mostly
randomly distributed without preferential orientation or association with ridges (Figures 2c and 3a).

3.2. Mounds

We observe 25 conical mounds in the interior of the crater floor. Their bases are circular (up to ~1.8-km
diameter) with a few exhibiting depressions at the peak, which resemble summit craters of terrestrial scoria
cones (Figures 3a and 5). In this study area, mounds of significant size (H > 200 m) are layered and are
superposed on the preexisting crater floor basement (Figure 5a). Flanks of some of the mounds are well
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Figure 4. Basement and Mesa units. (a) An elliptical to irregular-shaped mesa with small craters on surface. (b) Preserved layered strata at the crater floor. (c)
A basement block with ridged plain surface. (d) A mesa as an erosional remnant of the preexisting crater floor; inverted terrain on the mesa (Context Camera
image credit: NASA/JPL-Caltech/MSSS, HiRISE image credit: NASA/JPL-Caltech/University of Arizona).

exposed and are less mantled by dust compared to other mounds. The remaining mounds have a smooth
texture and show minor terraces on the flanks wherever the dust cover is thin. A few cone-shaped mounds
have a flow-like feature with a downslope flow direction (Figures 5b and 5c). Qualitatively, the flow-like
layers dip such that they intersect elevation contours. Meanwhile, linear ridges are associated with the
mounds, which are generally underlain by the basement unit (Figure 5a). At the scale of few tens of meters,
the layers of the mounds are characterized by serrated edges with triangular-shaped protrusions dipping
down the flank (Figure 5a).

We have estimated the morphometry of 25 symmetric and asymmetric mounds (Table S1 in Supporting In-
formation S1). That excludes mounds less than a 50-m height, given the limitations of CTX DTM resolution,
corresponding to an ~54-m point spread function and the limited coverage (only one pair) of HiRISE DTM
at the central part of the crater. Mound transect profiles reveal several features, ranging from conical shapes
to summit craters (Figures 6a and 6b). The average mound heights range from 58 to 348 m (mean = 146,
median = 127, and aSD = 82.5) and the average basal diameter from 290 to 1,780 m (mean = 686, medi-
an = 562, and SD = 393) with a height-to-diameter ratio of 0.144-0.309 with 4% uncertainty of the mean.
The estimated standard errors of the mean in average basal diameters and average height of mounds are
12% and 11%, respectively (Figure S3 and Table S1 in Supporting Information S1). Mean slope value of the
mounds is less than 35°, with 3% error, which could be subject to further uncertainties associated with the
CTX-DTM generation. The mean azimuth of the mounds is NW-SE on ~127° (Figure 6c).

3.3. Ridges

Along with the mounds, a network of long, narrow linear ridges is also present in the central crater floor
(Figures 3a and 7). Most of them are well exposed and exhumed, up to 20-km long and 150-m high, with
varying geometries from straight to curvilinear and orthogonal types (Figures 7a-7c). The topmost part of
the ridges is less dust covered and better exposed than the surroundings. The ridges are darker toned and
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Figure 5. Mounds of the study crater. (a) Mound overlies the flat basement unit, with a rugged and serrated texture of layers exposed at top of mound,
shown as an inset at the bottom left; (b) Mound flanks having flow-like features; (c) Flow-like feature near mound, possibly originated from the mound that is
associated with linear ridges (Context Camera image credit: NASA/JPL-Caltech/MSSS, HiRISE image credit: NASA/JPL-Caltech/University of Arizona).
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Figure 6. Average cross-sectional elevation profiles (X1-X2 and Y1-Y2) of selected mound types using Context Camera (CTX) Digital Terrain Model (CTX
stereo image pair Id: P21_009232_2084 and J10_04846_2083; no vertical exaggeration). Mounds with conical shape (al and a2) and a crater at its summit (b1
and b2). (c) Two-point azimuth technique indicates mounds that are aligned in NW-SE direction relative to each other. See the text in Section 3.2 for details
(CTX image credit: NASA/JPL-Caltech/MSSS, Digital Elevation Model credit: USGS Astrogeology Science Center).
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Figure 7. Linear ridges of the study crater. (a) Broad and long linear ridges; (b) arcuate or curvilinear type of linear ridges along with less-exposed small,
abruptly terminated, substantially buried ridges; and (c) linear ridges with rectangular or polygonal box-like patterns. All types of ridges (a-c) having a positive
relief (~—2,520 m) nearly close to the elevation of surrounding sedimentary deposits (~—2,530 m). (d and e) High-Resolution Imaging Science Experiment
(HiRISE) images showing ridges with shedding boulders, similar to an exposed dike of Shiprock on Earth, as shown in Figure S6 in Supporting Information S1.
The sun direction is shown with star marks and arrows (Context Camera image credit: NASA/JPL-Caltech/MSSS, HiRISE image credit: NASA/JPL-Caltech/
University of Arizona).

appear rougher in texture than the surroundings. Another set of ridges is present in the lowermost units;
these are less pronounced, narrower, discontinuous, with straight to slightly curvilinear geometries (up to
50-m high) where they are exposed (Figure 7a). The overall network of the broad and long linear ridges
is nearly parallel for few kilometers in some portions, branching into smaller linear ridges, bifurcating
or converging (Figure 7b), and in few occasions forming rectangular or polygonal box-like patterns (Fig-
ure 7c). The long parallel ridge group is more visually dominant than the subordinate smaller size ridge
group, which is invariably associated with the parallel ridges, either branched out, merged, or connecting
at a high angle or suborthogonally to the dominant parallel ridges (Figures 3a and 7a-7c). Shed boulders
are present at the flanks of ridges and we could trace them at a scale of 1:1,000 to 1:2,000 on HiRISE images
(Figures 7d, 7e, and S4a in Supporting Information S1). Boulder density is high along ridge flanks, which
are steep, with slopes ranging from 63° to 78°, with an average of ~67°. The shed boulder density decreases
away from the ridges (Figures 7d and 7e). The dense pattern of the linear ridges can be visually charac-
terized as either those that connected with the mounds (Figures 5c and 6b1) or those that begin or end at
the mounds (Figures 5c and 8a). At the innermost central part of the study crater, where the mounds are
observed, the ridge tops are at or below the elevation of the base of the mounds (Figure 3a). At the outer
part of the center of the crater, the ridges are not associated with the mounds. However, the orientation
of the innermost ridge-mound system and the outer ridges is uniform. There is a notable linear ridge that
crosscuts at least one mesa along a steep fault plane (Figures 8b1 and 8b2). The contact between the linear
ridge and the sedimentary rocks is sharp as observed in a preserved section of layered sedimentary strata
and inverted terrain (Figure 8c).

Linear ridges show symmetric bell-shaped profiles for transects perpendicular to the ridge length (Fig-
ures 9a and 9b). The profiles indicate steep flanks and narrow crests. The less dust covered and more ex-
posed part of the ridges reaches a peak of 30-40 m and roughly 100-150 m wide (Figure 9b). The height,
width, and slope of the ridges range between 73-185 m, 61-118 m, and 63°-78°, respectively (Figure S4b
and Tables S2-S4 in Supporting Information S1). The average spacing among the ridges is ~4.3 + 1.6 km
(Table S5 in Supporting Information S1). The mapped ridges exhibit a prominent NW-SE orientation with
~80% of the total length of all the ridges, while the subordinate group exists at a high angle to the dominant
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Figure 8. Crosscutting relationships among the observed geomorphic features. (a) Exhumed linear ridges in a preserved section are associated with a mound.
(b1) Faulted blocks of a mesa associated with a ridge; (b2) 3D view from CTX-DTM image of the panel (b1) (no vertical exaggeration). (c) A sharp contact
between ridges and layered sedimentary rocks. Sedimentary layers are crosscut by the ridges. Inset shows the zoomed-in view of the white box part (Context
Camera image credit: NASA/JPL-Caltech/MSSS, High-Resolution Imaging Science Experiment image credit: NASA/JPL-Caltech/University of Arizona, Digital
Elevation Model credit: USGS Astrogeology Science Center).

group and consists ~20% of the total length of the ridges (Figure 9c). The NW-SE-oriented linear ridges
have parallel to subparallel distribution over several kilometers, suggesting a roughly bimodal orientation
pattern with linear strikes.
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Figure 9. Morphometry of the ridges. (a) A linear ridge along which elevation profile is drawn along A-A’ line. Context Camera (CTX) stereo images
P21_009232_2084 and J10_04846_2083 (no exaggeration). (b) A symmetric bell-shaped topographic profile of the ridge in a cross-sectional view, showing that
the ridge is ~140-m high from the surroundings. The topmost 30-40 m is relatively less dust covered and better exposed than the surroundings. The vertical
dashed line is to show the dust-free topmost part of the ridge, which has a width of 100-150 m. (c) Rose diagram of the orientation of ridges in our study
crater. Orientation is weighted by the corresponding length of the ridges (CTX image credit: NASA/JPL-Caltech/MSSS, Digital Elevation Model credit: USGS
Astrogeology Science Center).
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4. Discussion
4.1. Provenance of Linear Ridges

The kilometer-long, hundreds of meters high and wide linear ridges, consistent with sharp crest and bi-
directional NW-SE trends, are of different origin than those of the other parts of Arabia Terra. In separate
regions, the ridges are sinuous and typically exhibit subhorizontal meter- to decimeter-scale internal layer-
ing, suggesting they are inverted channels (cf. Davis et al., 2016; Pain et al., 2007). The lack of tributaries,
obvious sinuosity, quasicircular pattern, braided pattern, paleomeander type relics, etc., of the linear ridges
in our study area argues against the fluvial origin of the ridges (e.g., inverted channels or eskers). Common
sedimentary ridges are sinuous in nature and circumvent large obstacles (Banks et al., 2009; Ghatan &
Head, 2004; Head, 2000a, 2000b) unlike ridges in our study crater, which crosscut obstacles (Figures 5c¢
and 8a). Furthermore, the ridges do not morphologically resemble aeolian remnant features on Mars such
as transverse aeolian ridges (TARs). TARs typically occur as up to thousands of individual bedforms in a
small field having narrow ridge-to-ridge spacing (mean wavelength of ~40 m; Balme et al., 2008; Nagle-Mc-
Naughton & Scuderi, 2021) and elongate in shape (Bourke et al., 2006). In our study crater, the ridges are
typically elongated up to ~20 km, characterized by steep flanks and narrow crests, and the average ridge-to-
ridge spacing is more than a kilometer.

The ridges within our target FFC are also unlikely to result from mineralization along the preexisting frac-
tures or faults. For example, a small network of linear ridges formed through mineralized deposits (Mg-rich
clay or calcium sulfate veins) in Gale and Eberswalde is only centimeter in scale and light toned (Crumpler
et al., 2015; Golombek et al., 2012; Lévéillé et al., 2014; Nachon et al., 2014) unlike those in our study cra-
ter. Furthermore, neither Gale nor Eberswalde has been shown to exhibit ridge-mound associations. Even
large vein structures (namely, boxwork) differ from the FFC's ridges. For example, the Nili Fossae ridges
lack a dominant directionality (Figure S5 in Supporting Information S1) unlike those observed in our study
FFC (Figure 9c). The Nili Fossae ridges (~20 m high) also fail to reach the scale of the FFC's hundreds of
meter-high linear ridges, which tower above the surroundings. The ridges that we observe within the FFC
are also more linear than ridges of the Nili Fossae region (Fassett & Head, 2007; Head & Mustard, 2006;
Pascuzzo et al., 2019; Saper & Mustard, 2013).

Swarms of dikes and associated volcanic cones can indicate volcanic origin (Friese et al., 2013), much like
the linear ridge and mound association in our studied FFC. Similar features exist in Amazonian dikes, the
Huygens-Hellas region (Head et al., 2006), and the Elysium Rise-Utopia Basin region (Pedersen et al., 2010),
in all of which the linear ridges are interpreted as magmatic dikes. As such, a plausible explanation for the
parallel alignment of the linear ridges could be a magma ascent from underlying magmatic source forming
magmatic dikes parallel to trough-bounding linear structures. Furthermore, the boulders shedding near
the flanks of ridges (Figures 7d, 7e, and S4a in Supporting Information S1) are reminiscent of the exhumed
radial magmatic dikes within the Medusae Fossae formation (MFF) on Mars (Kerber et al., 2017) and of the
Shiprock formation on the Colorado Plateau, New Mexico (Figure S6 in Supporting Information S1). Ero-
sion has resulted in a large population of boulders sourced from the ridges. The exhumed dikes of Shiprock
(Figure S6 in Supporting Information S1) can be considered a terrestrial analog to the ridges in our study
crater because of this shared morphology.

Morphologically, the few box-like polygonal ridges of our study crater differ from those presented by Kerber
et al. (2017) and Pascuzzo et al. (2019), including those in Nili Fossae, Nilosyrtis, Gale crater, Sinus Merid-
iani, and Hellas basin. The polygonal sedimentary ridges lack a dominant orientation and constitute an
irregular ridge network (Kerber et al., 2017; Pascuzzo et al., 2019). The dominant orientation of the long
parallel ridge group in our studied FFC (Figure 9c) is most plausibly controlled by a preexisting fracture
system induced by regional stress (explained in Section 4.5), similar to terrestrial igneous dike system (cf.
Stephens et al., 2017, 2018). The shorter subordinate ridges, which are mostly oriented at a high angle to
the longer parallel ridges, are typical of terrestrial volcanic fields and do not reflect the regional stress field
(cf. Baer, 1991; Virgo et al., 2014). The ridge groups in our study crater and those of terrestrial analogs are
arguably different from those within the volcanic domains of Utopia Planitia, where different ridge groups
are not spatially related (Lanz et al., 2010). In this context, the region with the most similarity to our FFC
is the MFF (Kerber et al., 2017). The similarities are: (a) broad ridges branching into smaller ridges, (b)
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ridges forming a rectangular to near circular to polygonal box-like pattern, (c) ridges being parallel in some
locations, (d) ridges shedding dark boulders, (e) ridges often having strikingly similar height and width, and
(f) ridges are being exhumed from the surrounding terrain. These similarities are important when inferring
the origin of ridges inside our study crater. The MFF similarity and its potentially pyroclastic provenance
(Mandt et al., 2008) indicates that the ridges are made of more competent rocks, such as crystalline igneous
materials, as opposed to the surrounding layered sedimentary rocks.

4.2. On the Occurrence of Mounds

Mounds are primarily formed through several key processes on Mars: preferential erosion of sedimenta-
Iy units, volcanism, diapir-like expulsion of sediment-laden fluid, or through a mix of the two, a process
known as mud volcanism. Mud volcanism versus a small-scale igneous volcanism is exemplified by the
various widely distributed mounds in the northern lowlands at Chryse and Acidalia Planitia (Ann Hodges
& Moore, 1979; Broz et al., 2019; Fagents et al., 2002; Farrand et al., 2005; Frey et al., 1979; Hemmi & Mi-
yamoto, 2018; Keszthelyi et al., 2010; Komatsu et al., 2011, 2016; Lucchitta, 1981; McGowan, 2009; McNeil
et al., 2021; Oehler & Allen, 2010; Tanaka, 1997; Wilson & Head, 1994). Mud volcanoes typically have
smooth mound materials (Hemmi & Miyamoto, 2017). They also commonly date to the late Hesperian to
middle Amazonian and are on the scale of 1-70 m in height and 40-1,400 m in diameter (Hemmi & Mi-
yamoto, 2017, 2018). That scale is also observed in the sedimentary-layered deposits in the Firsoff, Becquer-
el, Kotido, and Crommelin craters of southwestern Arabia Terra, which formed from either glacial, fluvial,
or eolian processes (cf. McNeil et al., 2021; Pondrelli et al., 2015; Zabrusky et al., 2012). Also, the mounds in
our studied FFC lie at the central portion of the crater, which contrast to the mounds typically lying near the
crater rim at the western and southwestern Arabia Terra. For example, the sedimentary mounds in South
Chryse Planitia (Western Arabia Terra), which are associated with buried impact structures and formed
through differential erosion after the premound layer was indurated by mineralization from groundwater
(McNeil et al., 2021), are unlike the mounds of this study. This would indicate a different provenance (not
mineralized or nonsedimentary) of the mounds within the FFC compared to those elsewhere in Arabia
Terra. Furthermore, the FFC's observed mounds differ in both scale and morphology from typical layered
sedimentary deposits and mud volcanoes.

The mounds within the studied FFC exhibit layering (Figures S7a and S7b in Supporting Information S1),
which resemble volcanic layers similar to those along the flanks of Ascraeus Mons (Figure S7c in Support-
ing Information S1), but not those of other proposed sedimentary-layered deposits on Mars (M. A. Ivanov
et al., 2014; Pondrelli et al., 2015). The sectional view of the mounds of our study crater reveals some signif-
icant dissimilarity in the structures and textures of the layering in comparison to the typical uniform and
rhythmic sedimentary layers in depositional settings such as the Crommelin and Becquerel craters (Figures
S7d and S7e in Supporting Information S1). In contrast to the sedimentary layers, the volcanic layers are
less eroded because of welding and jointing of the more rigid crystalline materials, which occurred during
the lava flow emplacement (M. A. Ivanov et al., 2014). As a result, formation of joints, fragmentation, and
drop-off of lava blocks are common and result in extremely rough edges of the volcanic layers (M. A. Ivanov
et al., 2014). The layers of the mounds of our study crater are characterized by rugged, serrated edges with
triangular-shaped protrusions dipping down the flank, which is similar in appearance to the eroded volcan-
ic materials (Figures 5a, S7a, and S7b in Supporting Information S1) and uncharacteristic of typical martian
mud volcanoes. Moreover, the height-to-diameter ratio of the mounds ranges from 0.144 to 0.309 (Table S1
in Supporting Information S1) with an average of 0.216, a range similar to terrestrial lava domes but two or-
ders of magnitude larger than those for typical mud volcanoes (after Table 4 of Hemmi & Miyamoto, 2018).

The mounds in the study crater are tens of meters to hundreds of meters in height and hundreds of meters
basal diameter, making them too high (up to ~350 m, Table S1 in Supporting Information S1) to be the
spring mounds that are, in general, low-profile landforms (Allen & Oehler, 2008; Oehler & Allen, 2010). Fur-
thermore, the lack of preserved morphological evidence for fluid expulsion processes (Pondrelli et al., 2011,
2015) disfavors the spring deposit scenario for the formation of the mounds. Additionally, the FFC's cone-
shaped mounds have flow-like features (Figures 5b and 5c), similar to many Martian (Broz & Hauber, 2012;
Broz et al., 2017; Lanz et al., 2010; Meresse et al., 2008) and terrestrial (Ulrich, 1987) volcanic cones. Fur-
thermore, the preserved flow features resemble ridged plain lavas at the basement block in our study crater
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Figure 10. Height versus basal diameter plots of Martian, lunar, and terrestrial mounds (after Hemmi &

Miyamoto, 2017; Wan et al., 2021). Morphometric comparison among the measured mounds (in this study) and other
terrestrial analogs, log-log plots showing mound height versus basal diameter. Dashed lines represent the best linear
least squares fits of parameters of each category.

(Figure 4c) and mirror the geology in Eden Patera in northern Arabia Terra (Michalski & Bleacher, 2013).
Therefore, the conical mounds are most likely volcanic cones (Figures 6a and 6b), and the flow-like features
associated with the mounds are the lava flows associated with the cones (Figures 5b and 5c). We also note
that the FFC's mounds lack fracture patterns, making it unlikely that the mounds originated as pingos
formed in periglacial environments (Balme & Gallagher, 2009; Burr et al., 2009).

We also compare mounds' slope, height versus basal diameter morphometrically with previously report-
ed volcanic cones of Mars and Earth (Hemmi & Miyamoto, 2017, 2018). A close resemblance between
the FFC and martian scoria cones, terrestrial scoria cones, and lava domes has been observed (Figure 10).
However, the slope-scaling factor of the mounds in our study crater (height/width ~0.94) resembles the
terrestrial (~0.91) scoria cones more than the Martian (~0.82) counterparts (Figure 10). Although earlier
studies have demonstrated the similarity in shape and size between the Martian and terrestrial scoria cones
(Wood, 1979), the lower gravity and atmospheric pressure on Mars than on Earth suggest that Martian
scoria cones would be lower in height and larger in basal diameter than those on Earth (Broz et al., 2015;
Fagents & Wilson, 1996; Parfitt & Wilson, 2008; Wilson & Head, 1994). Furthermore, the previous study
focused on Amazonian aged scoria cones (Broz & Hauber, 2012; Broz et al., 2015), which are considerably
younger than the mounds in our study crater (late Noachian to early Hesperian). The Martian atmosphere
possibly rarefied from Noachian to the Amazonian (Wordsworth, 2016). Therefore, any volcanic cones
formed on ancient Mars must have been shaped differently from the Amazonian scoria cones. In addition,
the older mounds of our study crater were exposed far longer to differential erosion than the younger scoria
cones of Mars, which can explain the difference in the calculated slope-scaling factor.

The high TI of mounds and ridges may indicate high density and thermal conductivity, implying resistant
material than the softer surrounding layered units. In contrast, the lower values of TI of the surrounding
surface materials most likely represent unconsolidated sediment or dust cover (Figure 2b). The TI observa-
tions, therefore, corroborate the igneous origin of the mounds and ridges.

There are many terrestrial analogs, where volcanic fields formed over a layered substrate. One example is
in Atakor volcanic field, Algeria; a scoria cone with rugged and serrated edges and exposed dikes, which
crosscut the underlying layered sediments, lies exhumed due to erosion (Figure S8a in Supporting Informa-
tion S1). Sunset (SP) crater is a terrestrial analog for monogenetic volcanic cone that associated lava flow
(Ulrich, 1987) in the San Francisco volcanic field north of Flagstaff, Arizona (Figure S8b in Supporting In-
formation S1). Another terrestrial analog is Uinkaret volcanic field, in northwestern Arizona. Uinkaret,
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Figure 11. Left panel: Image of the interior part of the study crater with major landforms. Right panel: A schematic diagram and model for the origin of the
volcanic landforms (not to scale) (High-Resolution Imaging Science Experiment image credit: NASA/JPL-Caltech/University of Arizona).

situated between fault-controlled sedimentary basement, is a N-S-trending volcanic field of cinder cones
and basalt flows near the western Grand Canyon (Figure S8c in Supporting Information S1). These volcanic
cones perch high atop the sedimentary rocks of the Grand Canyon (Crow et al., 2008). The terrestrial ana-
logs, along with the combined geomorphology, morphometric analysis, stratigraphic relation, and thermal
properties of the topographic features, favors our volcanic cone and magmatic dike interpretation.

4.3. Stratigraphic Relationship Among the Observed Landforms

Using the age, superposition, and crosscutting relationships described in Sections 3.1-3.3, we reconstruct
the sequence of events for the stratigraphy of this FFC (Figure 11). The dense crater population and inverted
relief on the basement and on the mesa tops indicate that the mesas are the parts of original crater floor
(Figures 4a, 4b, and 4d). Isolated mesas with layers and sedimentary terraces are likely formed from pref-
erential erosion of the basement unit (Figure 4b). Furthermore, dikes crosscut the mesas along steep fault
planes (Figure 8b) and the underlying sedimentary rocks along sharp boundaries (Figure 8c), indicating
that the dikes are younger than the mesas and sedimentary unit (Figure 11). The cones are underlain by
the preexisting sedimentary unit (Figure 5a), consistent with a younger age than the crater's sedimentary
deposits (Figure 11).

Although it is not possible to establish the exact superposition relation between the magmatic dikes and vol-
canic cones due to highly eroded landscapes, the parallel orientation of the dikes to the azimuth of the cones
and similar TI between the two are consistent with a syngenetic relation. At the innermost part of the FFC
interior, the dikes and cones are invariably associated with each other spatially and structurally (Figures 2a,
2b, and 3a), suggesting that the innermost dike-cone system and outer dikes were formed at different times
during multiphase igneous activity, but likely from a shared source. The outer well-exposed curvilinear
dikes may have emplaced in the subsurface prior to the innermost dike-cone system. The higher elevation of
the outer dikes' summits compared to the base of the inner cones indicates that the cones postdate the dikes.
However, the inner cone-dike system is likely cogenetic since the exposed inner dikes' summits are topo-
graphically below the bases of cones. Furthermore, interior volcanism may have volumetrically exceeded
the outer annulus as the landscape would have been the deepest at the crater interior. The inner dikes were
likely emplaced close to the surface from a shallow magma chamber, and further material was likely con-
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Figure 12. Orientation of the landforms (dikes and cones) in our study

tributed from occasional volcanic outpouring forming the volcanic cones.
In either case, the cone-dike geologic unit is the younger in comparison
to the layered sedimentary rocks and mesa units (Figure 11).

4.4. Possible Provenance of Igneous Features Within the Studied
Impact Crater

.06

The presence of cones and dikes at the center of a crater raises another
question regarding their provenance: were the igneous features the re-
sult of impact induced magmatism or regionally expressed volcanism?
Impact-induced intrusive igneous landforms, such as dikes, rarely occur
within impact craters of Mars, except proximal to preexisting volcanism
(B. A. Ivanov & Melosh, 2003). In order to induce local magmatism, an
impact creating a >300 km diameter is needed for the typical Martian
crust (Elkins-Tanton & Hager, 2005; B. A. Ivanov & Melosh, 2003). This

. . makes impact-induced magmatism within our FFC unlikely, as its diame-
- Dikes -A21muth of cones P £ Y

ter is ~85 km. The impact may have exhumed ancient igneous landforms,
but this would have likely disrupted any positive relief features (e.g., the

crater and wrinkle ridges in Arabia Terra; all showing bimodal direction cones), which we do not observe. Alternatively, Arabia Terra is an area of
tending ~NW-SE, indicating the evidence of regionally distributed thinned crust (Neumann et al., 2004), over which the impact-triggered

tectono-volcanism.

magmatism may be possible.

The coalignment of the cones and dikes suggests a putative subsurface

structural control on the formation of the landforms inside the crater.
Also, the nonradial orientation of the cones and dikes may indicate a NW-SE regional maximum horizontal
compressive stress (Figures 6¢c and 9c). The NW-SE preferred orientation of large tectonic features (e.g.,
wrinkle ridges) of Arabia Terra (Figure 3 of Dohm et al., 2007; Figure 5 of Anderson et al., 2008) resembles
the orientations of the dikes and azimuths of the cones within our study crater (Figure 12). The wrinkle
ridges throughout Arabia Terra (Figures 1 and 12) may impose a typically homogeneous, regional crustal
stress along the NW-SE orientation at the time of formation through propagating subsurface compressional
faults and folds to the surface (Golombek et al., 2001; Hughes, 2015; Saper & Mustard, 2013). Along the
steeply dipping faults or fractures, the preferred alignment of the vents and fissures is common in terrestrial
volcanic fields (Le Corvec et al., 2013; Marti et al., 2016). The bidirectionality of volcanic landforms inside
the studied FFC and the large tectonic features of Arabia Terra implies regional endogenic tectono-magma-
tism instead of exogenic impact-induced processes.

The FFCs on Mars are characterized by extensive faults, fractures, joints along with knobs, ridges, and
mesas on the crater floor, mostly related to impact-cratering events (Fassett & Head, 2007; Head & Mus-
tard, 2006). Only a few FFCs appear modified by an igneous activity (Bamberg et al., 2014; Rani et al., 2020;
Schultz & Glicken, 1979), especially those occurring in volcanic provinces. In contrast, the lunar FFCs are
characterized by shallow floors cut by radial, concentric, or polygonal fractures in addition to moats, ridges,
and patches of mare material. Lunar craters such as these are formed by intrusive volcanism, aided by the
Moon's lower crustal thickness and higher driving force of intrusion due to thermally driven viscous relax-
ation (e.g., Jozwiak et al., 2012, 2015). The FFCs on Mars typically lack such distinct combination of ridges
and mounds at the center of the crater. Typically, the ridges inside FFCs are randomly oriented (Figure S5
in Supporting Information S1), indicating the ridges are impact-induced fracture fills. The majority of the
exterior portion of the floor of our study crater close to the crater rim wall is consistent with the charac-
teristics of a typical FFC. However, the consistent orientation of dikes and cones at the crater center with
regional linear tectonic features across Arabia Terra cannot be explained by the impact event that formed
the host crater. Our finding of preferential dike and cone orientation reinforces the likelihood of crustal
modification in response to regional tectono-magmatism.

The crust of Arabia Terra is thinner compared to the southern highlands, more closely resembling the
crustal thickness of the northern lowlands (Neumann et al., 2004). In addition to forming in a thin crust,
our FFC's proposed magmatic cone-dike system's preferred orientation converges with preexisting tectonic
structures, such as the wrinkle ridges of Arabia Terra. Accordingly, we hypothesize that the FFC-forming
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impact (re)activated steeply dipping linear regional tectonic features, triggering the intrusion by preexist-
ing magma bodies especially in the central crater floor where the excavation was deepest. The preferential
orientation reinforces the likelihood of crustal modification in response to regional tectono-magmatism,
perhaps associated with magmatism in Noachian Arabia Terra (cf. Michalski & Bleacher, 2013; Whelley
et al., 2021).

5. Conclusions

Within a late Noachian-early Hesperian FFC in the East-Central Arabia Terra region, we find that the
distinct geomorphic structures, primarily ridges and mounds, are of igneous origin. The dikes and cones
predominantly occur at FFC's center, implying that the igneous structures formed during the syn-deforma-
tional stage of the impact or that volcanism was later rejuvenated along linear weak zones (i.e., faults and
fractures). This was likely facilitated by a thinner crust proximal to the dichotomy boundary (e.g., Michalski
& Bleacher, 2013). This phenomenon would also aid magmatism within our FFC. Our finding of igneous
dikes and cones within the FFC may represent a broader extent of the thinned crust and could be a function
of regional tectono-magmatism, an inference based on the similar orientations of linear features in the
FFC and Arabia Terra. While the formation of the hypothesized volcanic structures in the FFC cannot be
explained by impact induced magmatism, magmatism triggered by impact that was further facilitated by a
thin crust is plausible. Furthermore, the preferential orientation and areal distribution of the volcanic fea-
tures motivate future work on the flexural loading and internal shrinking of the crust of Arabia Terra during
the period of late Noachian-early Hesperian.

Data Availability Statement

All the data sets can be accessed from the websites https://ode.rsl.wustl.edu/mars/, https://pilot.wr.usgs.
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Quant_00NOOOE_100mpp. The shape files and data sets used in this work can be downloaded from https://
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