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Abstract The Martian crustal dichotomy represents a fundamental geological boundary, separating the
ancient Noachian highlands in the south from the relatively younger lowlands to the north, which may host
sediments derived from a putative northern ocean. To investigate the tectonic and hydrologic evolution of this
transition, we produced a high‐resolution geologic map of the southern Utopia Planitia region (5°–30°N, 105°–
115°E), identifying 20 stratigraphic units grouped into highland, transitional, lowland, Amenthes region, and
impact‐related categories. Chronostratigraphic constraints based on crater size‐frequency distributions and
cross‐cutting/super‐positional relationships allow division of the regional geologic history into five stages,
encompassing two major extrusive episodes, two regional volcanic pulses, and one intrusive event. Wrinkle
ridges concentrated in the central and southern mapping areas reflect compressional stresses likely associated
with these volcanic events (e.g., Watters, 1988, https://doi.org/10.1029/jb093ib09p10236; Yin et al., 2023,
https://doi.org/10.26464/epp2023031), suggesting that magmatic activity was a dominant driver of Noachian–
Hesperian tectonic evolution. In contrast, Hesperian and Amazonian units in the northern region are interpreted
as water‐related deposits, consistent with emplacement in a volatile‐rich environment. Among these, the AHul2
unit satisfies both engineering and scientific criteria for landing, highlighting it as a favorable site for China's
Tianwen‐3 sample return mission. This study refines our understanding of the geological evolution across the
dichotomy boundary and informs future exploration strategies.

Plain Language Summary Mars displays a prominent dichotomy, with ancient, elevated highlands
in the south and younger, lower‐lying plains in the north—regions that may have once hosted an ocean. To better
understand the geological evolution of this boundary, we produced a detailed geologic map of southern Utopia
Planitia (5°–30°N, 105°–115°E). We identified 20 surface units and grouped them into five categories:
highland, transitional, lowland, Amenthes region, and impact crater units. Through crater size–frequency
analysis and cross‐cutting relationships, we reconstructed the geological history in five stages, revealing that
both extrusive and intrusive activity played key roles. The AHul2 unit, located in the northern lowlands, was
mapped as part of the Vastitas Borealis Formation and is identified as a candidate landing site for the Tianwen‐3
sample return mission. This study enhances our understanding of the regional geologic evolution near the
Martian dichotomy and provides a framework for future exploration of Utopia Planitia.

1. Introduction
The topography of Mars is markedly dichotomous, divided into the southern highland and the northern lowland
(e.g., Carr, 2007). Previous studies suggest that the northern lowlands were once covered by a standing body of
water (Carr & Head, 2003; Clifford & Parker, 2001; Craddock & Howard, 2002; Dickeson & Davis, 2020; Parker
et al., 1989, 1993). Parker et al. (1989, 1993) identified two sets of potential ancient shorelines using the Viking
Orbiter images: the Arabia shoreline, which aligns with the dichotomy boundary, and the Deuteronilus shoreline,
which corresponds to the edge of the northern lowland (Clifford & Parker, 2001). Head et al. (1999) analyzed two
ancient shorelines on Mars using the Mars Orbiter Laser Altimeter (MOLA) data and found that the Deuteronilus
shoreline is primarily located at the same equipotential surface. Ivanov et al. (2017) updated the global map of the
Deuteronilus shoreline using daytime mosaicked infrared (IR) images from the Thermal Emission Imaging
System (THEMIS). Sholes et al. (2021) focused primarily on the Deuteronilus Mensae region and used high‐
resolution CTX images to re‐map the Arabian shoreline.
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These are crucial pieces of evidence for the hypothesis of an ancient northern ocean on Mars (Carr & Head, 2003;
Clifford & Parker, 2001; Craddock & Howard, 2002; Dickeson & Davis, 2020; Palumbo & Head, 2019) that is
further supported by the discovery of bidirectional cross‐bedding (Xiao et al., 2023) and subsurface sedimentary
layers by China's Zhurong rover (C. Li et al., 2022). The cross‐bedding is indicative of a shallow marine
depositional environment in the northern lowland (Xiao et al., 2023), while the subsurface sedimentary layers are
potentially related to flood activities (C. Li et al., 2022).

Studying the geological conditions near the dichotomy boundary in the Utopia Planitia is critical for under-
standing the geological evolution history of the region, and the evolution of ancient oceans. This research can also
provide valuable insights for future Mars exploration and sample return missions.

Therefore, we selected the area covering the Zhurong rover landing site (109.9°E, 25.1°N) to enhance our un-
derstanding of the geological history and ancient ocean evolution of the northern plains. The topography from
north to south (Figure 1) includes: the northern Utopia Planitia, a flat and smooth northern plain with various
structural features such as etched flows and polygons; Nepenthes Planum, located in the transition zone between
the southern highlands and the northern lowlands, with some rough surface features and a general southward
slope; Terra Cimmeria, an ancient southern highland with a rough and rugged surface; and Amenthes Planum,
located in the southwestern region of the mapping area, a flat extrusive plain (Tanaka, Skinner, et al., 2014). In the
geological map, we focused on distinguishing the geological boundaries and geomorphological features between
different geological units, providing detailed identification and division of various geological regions to achieve a
comprehensive understanding of the area's formation history.

We have finally produced a large‐scale geological map (mapping scale 1:1,000,000), identifying various land-
forms formed during different stages of Mars' history.

2. Regional Setting
The study area (105°–115°E and from 5° to 30°N) is located near the dichotomy boundary in the southern region
of Utopia Planitia and is tilted toward the north by approximately 0.16°. Utopia Planitia is in the northern part of
the mapping area, Nepenthes Planum is in the central part, Terra Cimmeria is in the southern part, and Amenthes

Figure 1. Regional topography of the study area. The red star is the Zhurong landing site. The base map is Mars Orbiter Laser
Altimeter (MOLA; Smith et al., 2001) shaded relief map overlain with colour‐coded MOLA elevation map.
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Planum occupies a small southwestern portion of the mapping area (Figure 1). The chronostratigraphy shows an
overall trend from older units in the south to younger units in the north of our mapping area, spanning large parts
of martian history.

Northern Utopia Planitia formed during the Early Noachian period (Frey et al., 2002; Frey & Schultz, 1988;
McGill, 1989; Solomon et al., 2005; Wilhelms, 1973). It is considered a large impact basin (McGill, 1989) and
may have been a depositional center of fluvial, aeolian, and extrusive processes in the Late Noachian (Tanaka
et al., 2005; Tanaka, Carr, et al., 2003; Tanaka, Skinner, et al., 2003; Tanaka, Skinner, et al., 2014; Carr, 1996;
Greeley & Guest, 1987; Head, 2002; Kargel et al., 1995; Scott & Tanaka, 1986). During the Early Hesperian,
Utopia Planitia was covered by lava, forming a wrinkle ridge plain (Head, 2002; Kreslavsky & Head, 2000).
Subsequently, with the development of outflow channels, it was covered by the Vastitas Borealis Formation
(VBF) (Tanaka et al., 2005). Studies by Ivanov et al. (2014) on Utopia Planitia explored the formation of etched
flows and polygons, indicating the presence of significant water bodies in the past.

Nepenthes Planum is the transitional zone between the southern highlands and the northern lowlands, containing
Noachian impact breccias, extrusive rocks, and Hesperian aprons formed by mass‐wasted deposits (Tanaka,
Skinner, et al., 2014). During its evolution, it was affected by mass wasting and “basal sapping of volatiles”
(Tanaka et al., 2005). The subsurface of this area is believed to contain faults related to the formation of Utopia
Planitia (Frey & Schultz, 1990; McGill, 1989; Nimmo & Tanaka, 2005; Tanaka, Skinner, et al., 2003). These
faults may have controlled the regional accumulation of rocks and sediments, as well as the long‐term capture and
transport of groundwater and/or ice reservoirs (Skinner & Tanaka, 2007; Tanaka, Skinner, et al., 2003).

Southern Terra Cimmeria represents the southern highlands in the mapping area, having formed its current
topography through a long process of erosion and modification. In their global geological map of Mars, Scott and
Carr (1976) classified the rugged, crater‐dense plains of Terra Cimmeria into the Noachian system. Tanaka,
Robbins, et al. (2014) divided this unit into the Middle Noachian highland unit, characterized by moderately
to highly degraded terrain formed from undifferentiated impact, extrusive, fluvial, and basin materials. The
presence of numerous lobate scarps and wrinkle ridges indicates that this area has undergone tectonic contraction
(Watters & Robinson, 1999).

The southwestern Amenthes Planum is a long, narrow, lava‐filled flat area in the southern highlands, formed
between ∼3.5 Ga and ∼3.2 Ga (Erkeling et al., 2011). The NNE‐trending Amenthes Fossae is one of the pieces of
evidence for extensional tectonic activity (Maxwell & McGill, 1988; Wichman & Schultz, 1989).

3. Data Sets and Mapping Technique
We used QGIS 3.28 for digital mapping at a scale of 1:1,000,000, on the basis of five individual data sets: (a) the
Global Context Camera (CTX)Mosaicwith a pixel scale of∼5m/pix obtained fromTheBruceMurray Laboratory
for Planetary Visualization (Dickson et al., 2018; http://murray‐lab.caltech.edu/CTX/); (b) THEMIS IR daytime
and (c) THEMIS IR nighttime data with a pixel scale of ∼100 m/pix (Christensen et al., 2004); (d) the High
Resolution Stereo Camera (HRSC)‐MOLABlendedDigital ElevationModel (DEM)with a pixel scale of∼200m/
pix (Fergason et al., 2018); (e) High Resolution Imaging Science Experiment (HiRISE) with a pixel scale of 0.25–
1 m/pix (McEwen et al., 2007); and (f) Tianwen‐1 Moderate Resolution Imaging Camera (MoRIC) Digital
Orthophoto Map (DOM) data with a pixel scale of 76 m/pix (Liu et al., 2024).

Our map covers an area of approximately 820,000 square kilometers and spans 25° of latitude (lat 5 to 30°N) and
10° of longitude (long 105 to 115°E). The Global Context Camera (CTX) Mosaic provided images of the entire
study area, which we used as a basis for identifying landforms and delineating geological units. THEMIS IR
daytime and nighttime data were primarily used to analyze differences in the thermophysical properties of surface
materials to distinguish units that have similar morphological features in CTX images. The HRSC‐MOLA
Blended DEM provided topographic references, allowing us to distinguish geological units based on changes
in landform slopes. HiRISE offered limited high‐resolution imagery, helping us identify micro‐scale differences
and characteristics of various geological units. The MoRIC DOM is used to observe landforms and produce
geological maps (Figure A1).

To better determine the relationships between different geological units, we conducted crater size‐frequency
distribution (CSFD) measurements for several units (Figure A2). We used CTX images as the base map, select-
ing flat areas within each unit as dating regions. We excluded secondary crater clusters and chains as much as
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possible, identifying all craterswithin the dating regionswith diameters no less
than 100 m. CSFD measurements were used to estimate the absolute model
ages of geological units based on the spatial density of impact craters (e.g.,
Hartmann, 1973; Hartmann & Neukum, 2001; Ivanov, 2001). Selected count
areas were confined to individual geological units and were sufficiently large
to ensure statistical reliability. Crater diameters were measured in QGIS using
the OpenCraterTool plugin (Heyer et al., 2023), with efforts made to exclude
secondary crater chains and clusters. CraterStats (https://github.com/ggmi-
chael/craterstats) (Michael, 2013; Michael et al., 2012, 2016; Michael &
Neukum, 2010) was employed to generate CSFD plots and to fit the Iva-
nov (2001) production function and the Hartmann and Neukum (2001) chro-
nology function.

To enhance the comparability of this map with previous maps, we referred to
the symbol standards of the Federal Geographic Data Committee
(FGDC, 2006) and the terminology of the International Astronomical Union
(IAU) (https://planetarynames.wr.usgs.gov/DescriptorTerms). The colors
and naming conventions used in the geological map were modified following
the schemes established in previous maps (Ivanov et al., 2014; Skinner &
Tanaka, 2018). The naming convention for geological map units is as follows:
epoch (Noachian, Hesperian, Amazonian); region; type; subdivision number.
For example, “AHul3” where “AH” represents the Hesperian to Amazonian,
“u” stands for Utopia, “l” indicates the lowland unit, and “3” is the
geomorphological classification number.

4. Results
We produced a comprehensive geological map of the region at a mapping
scale of 1: 1,000,000 (Figure A1) using various data sets described above, in
order to identify and characterize the geologic units and the geomorphic
features. In our map, we have recognized 20 units, which have been grouped
according to their geographic distribution as follows: three units in the Utopia
region of the lowland area, two units in the Nepenthes Planum of the tran-
sitional area, four units in the Terra Cimmeria of the highland area, three units
in the Amenthes region, and eight impact crater units.

4.1. Amenthes Region Units

Nat—Transitional unit—Forming the transition zone between Amenthes
Planum and Terra Cimmeria (Figure 2a), this region contains several curved
ridges (Figure 2e). The surface is rough with well‐developed gullies. THE-
MIS data show overall high thermal inertia that is locally heterogeneous. The
area is heavily degraded. There is a distinct escarpment with a vertical
displacement of ∼210 m, marking the boundary with the Amenthes Fossae
unit (HNaf).

Interpretation: The inverted channels may have formed from active fluvial
processes during the Noachian period, indicating liquid surface water in the
past. This unit lies between the highlands and the extrusive plains, serving as a
transitional zone between the two. Because this unit is cut by the Amenthes
Fossae unit (HNaf), it predates the formation of the Amenthes Fossae unit
(HNaf).

We suggest that during the Late Noachian, the southern glaciated highlands were modified by extrusive activity
that formed the Nat unit near the Amenthes Planum. The surface still preserves chaotic terrain (Figure 2a).
According to the research by Meresse et al. (2008), subsurface intrusive activity ultimately leading to the loss of
groundwater is the primary cause of the formation of chaotic terrain. Additionally, extrusive activity potentially

Figure 2. (a) The boundary among Hap, Nat, and Nch1 with the central
coordinates at 5.58°N, 106.04°E. (b) The overlapping relationships of Hap,
Nat, and HNaf, centered at coordinates 6.24°N, 105.21°E. (c) The boundary
of HNaf with Hntf, Nch3, and Nch2 with the central coordinates at 12.19°N,
107.75°E. (d) The secondary terraces in the HNaf grabens with the central
coordinates at 11.52°N, 107.08°E. (e) Inverted channels within the Nat unit
of the Amenthes region with the central coordinates at 6.77°N, 105.74°E.
The base map is the global mosaic of CTX.
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liberated meltwater that formed the channels in unit Nat. Subsequently, the erosion removed the materials sur-
rounding the channels and because deposits within the channels are more resistant, they appear as inverted
channels (Figure 2e), and the fine‐grained material produced by erosion was preserved in the low‐lying areas of
the unit.

Hap—Plains unit—The flat and smooth plains are part of the Amenthes Planum (Figure 2a). Numerous wrinkle
ridges can be observed. In the mapping area, these wrinkle ridges can be up to about 26 km long and have two
main orientations, NE‐SW and NW‐SE. This unit fills and cuts through the Amenthes Fossae unit (HNaf)
(Figure 2b). Stream‐islands and channels are visible and show lower temperatures than surround terrains in
THEMIS IR nighttime images.

Interpretation: The Amenthes plains unit (Hap) is approximately 3.5 to 3.2 Ga old (Erkeling et al., 2011). During
the Late Noachian, extensive interactions between lava and ice caused significant modification (e.g., Meresse
et al., 2008) of the Nat unit, with the eroded sediments being deposited into the Amenthes Planum. In the
Hesperian period, due to active extrusive activity, this area was filled with lava (Erkeling et al., 2011), covering
parts of Nat and Noachian sediments and cutting through HNaf (Figure 2b). Upon the tectonic compression by the
cooling of lava, the extrusive plains formed wrinkle ridges (Watters, 1988). The presence of sinuous channels
distributed across the surface is indicative of past fluvial activity. Later, the surface was potentially covered by
dust as indicated by the lower temperature than surrounding terrains in the THEMIS IR nighttime data.

HNaf—Fossae unit—Amenthes Fossae, intersecting multiple geological units (Figures 2b and 2c), this feature
consists of a series of graben trending northeast‐southwest. These grabens can be up to about 264 km long, 9 km
wide, and 1 km deep in the mapping area. In the northern part, some terraces within the graben can be observed.
The interiors of the grabens are smooth and contain secondary terraces (Figure 2d). In THEMIS IR nighttime data,
the unit exhibits relatively lower temperatures compared to the surrounding terrains.

Interpretation: Maxwell and McGill (1988) suggest that the Amenthes Fossae unit (HNaf) itself is a potential
source of igneous rock. According to Erkeling et al. (2011), Amenthes Fossae cuts through materials with model
ages of ≥3.7 Ga from the Noachian and Hesperian periods but it does not cut through ∼3.6 Ga Hesperian impact
craters and extrusive plains. In our study area, Amenthes Fossae cuts through Nch2, Nch3, and Nat (Figures 2b and
2c), all of which formed in the Late Noachian, with Nch3 having a model age of 3.89 Ga. At the southern edge of
the Amenthes Fossae unit (HNaf), channels are truncated and filled by the Amenthes plains unit (Hap), indicating
that the formation of the Amenthes plains unit (Hap) postdates HNaf, with the filling of Amenthes Planum
occurring between ∼3.5 and ∼3.2 Ga ago (Erkeling et al., 2011). Based on cross‐cutting relationships of HNaf
dissecting the Hesperian Nepenthes transitional flow unit (Hntf) with a model age of 3.71 Ga (Figure 2c), we infer
that the graben was formed ∼3.71 Ga ago.

Amenthes Fossae are not confined to the mapped area of this study but are also distributed more broadly across the
Circum‐Isidis region. These grabens, formed under extensional tectonic regimes, may be linked to gravity
anomalies associated with the interior structure of Isidis Planitia (Ritzer & Hauck, 2009).

In summary, the grabens of unit HNaf formed during the Late Noachian, around∼3.71 Ga, and may be associated
with gravity anomalies within the interior structure of Isidis Planitia (Ritzer & Hauck, 2009).

4.2. Highland Region Units

The geological units in the southern Terra Cimmeria region mainly formed during the Noachian epoch, preserving
inverted channels and small‐scale reticulate ridges.

Nch1—Noachian Cimmeria Highland unit 1—Located in the southern part of the mapped area (Figure 3), this unit
is a significant component of the ancient Terra Cimmeria and is the oldest unit in the entire mapping area. It
features very high relief outcrops (Figure 4a) that can extend hundreds of kilometers, with strata thickness
potentially reaching several hundred meters (Tanaka, Skinner, et al., 2014). It contains numerous ancient impact
craters up to about 72 km in diameter. Compared to Cimmeria highland unit 2 (Nch2), Cimmeria highland unit 1
(Nch1) has been less modified and is therefore more pristine. It has less gullies and depressions, and is not cut or
divided by them. In THEMIS images, the thermal inertia distribution is relatively uniform and generally low.
There are scarps at the boundaries with other units.
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Interpretation: We interpret this as Early Noachian material, consisting of ancient impact breccias formed after
the formation of Utopia Planitia (Skinner & Tanaka, 2018). In the global geologic map (Tanaka, Skinner,
et al., 2014), this area corresponds to the Early Noachian highland unit. The material is composed of undiffer-
entiated impact, extrusive, aeolian, fluvial, or lacustrine deposits with localized degradation or deformation
(Tanaka, Skinner, et al., 2014). In our mapping area, we observe that this ancient geological unit has been
modified by impacts and water activity, with impact craters that lack central peaks and ejecta, as well as (inverted)
meltwater channels.

Although Nch1 is the oldest unit in the mapping area, it is paradoxically less dissected than the adjacent Late
Noachian units (Nch2, Nch3, Nat). This can be attributed, in part, to its composition: Nch1 consists of Early
Noachian impact megabreccia (Skinner & Tanaka, 2018), which imparts high mechanical competence and
resistance to erosion. Furthermore, no chaotic terrain—typically associated with subsurface volatile loss
(Chuang, 2015; Meresse et al., 2008; Sharp, 1973)—has developed within Nch1, suggesting that its structural
integrity has remained largely intact over time. In contrast, units such as Nch2 exhibit chaotic terrain, where
fracturing due to volatile release weakens the substrate, reducing its resistance to erosion and enhancing sub-
sequent degradation (Squyres, 1978).

This unit once contained significant amounts of ice, forming the southern glaciated highlands (Fastook &
Head, 2015). During the Late Noachian, it was affected by large‐scale extrusive and intrusive activity, leading to
modification into Nch2, Nch3 and Nat units by the groundwater loss, with chaotic terrain visible in some areas

Figure 3. Geologic map of the Cimmeria highland region and the Amenthes region. The geological units in this area are
complexly distributed, and the terrain is rugged. Amenthes Fossae cuts through multiple geological units from the Noachian
to the Hesperian epochs. Most of the severely degraded impact craters in the fill region are located within this area. The
basemap is the Moderate Resolution Imaging Camera.
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(Figure 4b). Additionally, the increased local temperatures from extrusive activity likely caused the glaciers in the
highlands to melt, forming (inverted) meltwater channels in some locations (Figure 4c). We believe that surface
glaciers were present on a small scale, as the distribution of meltwater channels is not widespread.

Nch2—Noachian Cimmeria Highland unit 2—The hummocky terrain on Terra Cimmeria was separated from the
Cimmeria highland unit 1 (Nch1) using erosional processes. It features clusters of small hills with varying shapes
and significant dust accumulation between them, as observed in THEMIS data. Additionally, it is characterized by
numerous intersecting gullies, dividing the surface into many fragmented plateaus and small hills (Figures 4a and
5a). THEMIS IR nighttime images show lower temperatures than surrounding terrains.

Interpretation: We interpret this unit as the erosional remnants of the Late Noachian glaciated highlands. This
unit is geographically closely related to Nch1 and Nch3. The (inverted) meltwater channels found on the surface of
Nch1 (Figure 4c) indicate the presence of ancient glaciers, while the wrinkle ridges found on Nch3 (Figure 5b)
suggest extrusive activity in the area. The main landforms of Nch2 are fragmented mesas and small hills,
appearing in clusters or isolated, along with some rugged slopes.

Sharp (1973) identified the fretted terrain and chaotic terrain onMars using images fromMariner 6 andMariner 9,
and found that they are primarily distributed in the equatorial and mid‐latitude regions. Sharp (1973) proposed
that fretted terrain originates from the progressive retreat of its own steep bounding cliffs—features that are
integral to the unit itself—driven by processes such as sublimation of ground ice and/or groundwater‐sapping
erosion. Chaotic terrain, geographically associated with fretted terrain, is a rough terrain characterized by
chaotic, irregularly arranged landforms of varying sizes, primarily caused by localized collapse due to the
removal of subsurface materials (such as underground ice or magma) (Sharp, 1973). Squyres (1978) studied the

Figure 4. (a) The boundaries among Nch1, Nch2, and Nch3 with the central coordinates at 6.41°N, 113.70°E. (b) The chaotic
terrain within the Nch2 unit, with the CTX mosaic as the base map (centered at 8.31°N, 106.68°E). (c) The (inverted)
meltwater channels on the Nch1 unit, with the CTX mosaic as the base map (centered at 5.93°N, 114.67°E).
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linear features within fretted terrain and suggested that they resemble rock glaciers on Earth, possibly formed by
the movement and deformation of ice and debris. Meresse et al. (2008) suggested that chaotic terrain might have
resulted from localized collapse due to subsidence and extrusive activity. Chuang (2015) further noted that the
deformation of fretted terrain could be linked to the sublimation of subsurface ice or the flow of ice‐rich materials.
Sharp (1973) also speculated that chaotic terrain could eventually evolve into fretted terrain as chaotic terrain is
often geographically associated with fretted terrain, and in many places, chaotic terrain gradually transitions into
fretted terrain.

Nch2 is a hummocky geomorphological unit located in Terra Cimmeria, which we classify as fretted terrain. In
some areas, chaotic terrain is observed to have been fragmented into mesas of varying sizes. In some regions,

Figure 5. (a) The boundary between Nch3 and HNch4 with the central coordinates at 9.56°N, 114.64°E. (b) The wrinkle
ridges on Nch3, with the base map also being the CTX global mosaic, are centered at coordinates 11.45°N, 111.94°E. (c) The
ridges on the southern highlands Nch3, with the base map being the CTX global mosaic, are centered at coordinates 10.54°N,
110.37°E, adapted from Skinner and Tanaka (2018). (d) Reticulate ridges within the HNch4 unit of the Terra Cimmeria
Highlands (central coordinates 12.66°N, 106.94°E), with the base map from High Resolution Imaging Science
Experiment (ESP_054656_1930). (e) Geomorphological variations between HNch4 and Nch3 units, with the basemap being
CTX global mosaic, the central coordinate is 12.54°N, 106.99°E. (f) Night time temperature variations in HNch4 and Nch3
units, with the basemap being THEMIS IR nighttime global mosaic, the central coordinate is 12.54°N, 106.99°E.
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magma erupted to the surface, the tectonic compression by the cooling of lava formed wrinkle ridges. This process
caused surface collapse, leading to the formation of fractures and eventually chaotic terrain. As erosion pro-
gressed, it resulted in the development of fretted terrain, which is represented by the hummocky topography of
Nch2. Based on landforms associated with intrusive and extrusive activity, we propose that subsurface mag-
matism was a major geological process in Terra Cimmeria during the Noachian period, resulting in the loss of
subsurface ice or water.

CSFD measurements of unit Nch3 indicate that extrusive activity increased 3.89 Ga ago in the Late Noachian
period. Lava eruptions, caused intense erosion of the surface, resulting in the chaotic terrain observed as frag-
mented mesas (Figure 4b). Subsequently, plateaus were eroded either forming small hills or becoming absent.
According to Erkeling et al. (2011), Amenthes Fossae formed at approximately 3.7 Ga, whereas our CSFD results
indicated that the Nch2 unit formed around 3.89 Ga. This implies that, after an interval of ∼0.19 Ga, Amenthes
Fossae developed as a graben system cutting through the Nch2 unit.

Nch3—Noachian Cimmeria Highland unit 3—The surface of this unit is characterized by a flat but rough texture
(Figures 4a and 5a), and features wrinkle ridges and inverted channels (Figures 5b and 5c). THEMIS IR nighttime
data shows higher temperature than HNch4 unit. Located in the plains or depressions between the northern hills of
Terra Cimmeria, it features smooth, low hills, narrow elongated gullies, and winding wrinkle ridges.

Interpretation: We suggest that this unit is an intermontane extrusive plain from the Late Noachian. Although
Skinner and Tanaka (2018) suggest that it is a weathered layer of the highlands, composed of various undif-
ferentiated impact units and degraded sedimentary plains formed by fluvial, colluvial, or lacustrine processes, we
lean toward an extrusive origin. According to our CSFD measurements, this unit has a model age of approxi-
mately 3.89 Ga.

In the Late Noachian, extrusive activity or obliquity of Mars terminated the glaciation phase in the highlands
(Montmessin, 2007), modifying the highlands in the south of our study region. The eroded material was mixed
with lava and deposited in the flat plains and depressions between the hills of the southern highlands. Upon the
tectonic compression by the cooling of lava, the lava contracted and formed wrinkle ridges (Figure 5b). The active
extrusive processes melted the glaciers of the southern highlands, liberating large volumes of meltwater and
eventually forming inverted channels (Figure 5c).

During the Hesperian, the formation of Hntf covered the potentially existing Nch3 unit in the north, and the Nch3
unit in the southern highlands was modified.

HNch4—Hesperian and Noachian Cimmeria Highland unit 4—Located in the northern part of Terra Cimmeria,
this unit is characterized by a hummocky surface (Figure 5a) and includes impact craters up to 6,000 m in
diameter. THEMIS IR nighttime data show lower thermal inertia relative to surrounding terrains (Figure 5f). CTX
imagery reveals densely distributed, small, smooth hills in certain areas (Figure 5e). The contact with Cimmeria
Highland Unit 3 (Nch3) varies spatially, transitioning from a well‐defined (certain) boundary to an approximate
one. HiRISE images show the presence of reticulate ridges (Figure 5d), some of which reach lengths of ∼900 m
and widths of up to ∼30 m, with the broadest ridge systems extending as wide as ∼400 m.

Interpretation: This unit dates to the Late Noachian to Early Hesperian period. It exhibits a hummocky surface
mantled by fine‐grained materials, such as dust, and contains localized collapse or erosional features. In areas
where the boundary is more distinct, small hills a few meters in height can be observed.

Skinner and Tanaka (2018) proposed that this area originated from fluvial or lacustrine deposition followed by
degradation. Our CSFD measurements yielded an age of ∼3.66 Ga, placing the unit within the Hesperian. We
interpret its formation as primarily the result of erosional processes driven by lava or water. Ye et al. (2019)
suggested that high‐salinity brines could lead to the development of reticulate ridges through evaporative pro-
cesses. Accordingly, we interpret the ridges observed in this unit (Figure 5d) as features associated with past
fluvial activity.

The HNch4 unit is mantled by a substantial layer of dust, which contributes to its lower nighttime temperatures
relative to surrounding terrains, as observed in THEMIS IR data (Figure 5f).
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4.3. Transitional Region Units

The geological units of Nepenthes Planum primarily formed during the Hesperian epoch, with its unique rough
surface texture possibly indicating special mechanisms during its formation and evolution.

Hntf—Transitional flow unit—This unit is located in the transitional zone (Figure 6) between Utopia Planitia and
Terra Cimmeria, specifically in the Nepenthes Planum region, with a latitude range approximately between 12°N
and 18°N. Amenthes Cavi are located along the northern boundary of this unit (Brož & Hauber, 2013; Skinner &
Tanaka, 2007). Rugged surface consists of rough terrain (Figure 7a) and north‐south oriented wrinkle ridges
(Figure 7c). The southern edge of the unit is more fragmented, interwoven with Cimmeria highland unit 4
(HNch4), Cimmeria highland unit 3 (Nch3), and Cimmeria highland unit 2 (Nch2). In the center of the unit, there
are some small hills and plateaus originating from Nch2. Near the northern boundary of the Hntf unit, small cones
with central pits are observed.

Interpretation: We interpret this unit as a mixture of lava flows and mudflows from the Early Hesperian epoch.
Lava or sediment flows were ejected from large conical depressions in the Nepenthes transitional vent unit (Hntv).
Various episodes of eruptions and erosions have created surface features varying from rugged to smooth surface
textures. The transition with Hntv indicates a contemporaneous origin, with its formation period dating back to the
Early Hesperian (Skinner & Tanaka, 2018), and our CSFD measurements (Figure A2) suggest an age of
approximately 3.71 Ga. This unit is interpreted as being composed of erupted sheet lavas, mudflows, or a
combination of both (Tanaka, Skinner, et al., 2003). The rough surface texture of the Nepenthes transitional flow
unit (Hntf) may be due to differences in material sources and subsequent environmental variations (e.g., drying,
contraction, or wind erosion; Skinner & Tanaka, 2018).

We propose that extrusive or intrusive activity played a significant role in the formation of this unit. On one hand,
the widespread conical depressions within the unit may be extrusive craters, while the numerous north‐south
ridges are interpreted as wrinkle ridges, likely formed by the tectonic compression by the cooling of lava and
contraction of an extrusive plain.

Figure 6. Geologic map of the Nepenthes transitional region with basemap is the Moderate Resolution Imaging Camera. The
terrain is relatively flat, with some north–south trending wrinkle ridges visible in the region. Large impact craters exhibit
well‐preserved structures, and distinct double‐layer ejecta can be observed.
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Additionally, the Nepenthes transitional vent unit (Hntv) suggests an eruption type (interaction of magma and
surface or subsurface water), similar to tuff cones on Earth, indicating the presence of water or ice in the sub-
surface at the time of extrusive activity. The rough surface texture is attributed to the liberation of subsurface
volatiles (Skinner & Tanaka, 2018). We suggest that groundwater migrating northward seeped to the surface and

Figure 7. (a) The boundary between Hntv and Hntf, where the white arrows point to the extrusive vent of the Hntv unit, and
the black arrows point to the rough textured structures on Hntf, with the central coordinates at 16.61°N, 106.99°E. (b) The
boundary between Hul1 and Hntf, with the central coordinates at 18.11°N, 109.49°E. (c) The ridges on Hntf that are not
covered are indicated by the white arrows, with the central coordinates of 13.82°N, 111.82°E. (d) The Hul1 unit covers other
landforms; the white arrows indicate coverage over the lower ridges, while the black arrows indicate coverage over the
plateau and small hills, with central coordinates of 19.42°N and 111.40°E. The base maps of (a)–(d) are the CTX global
mosaic.
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modified it. The presence of large impact craters with lobate ejecta indicates that this area was once rich in water
or ice (Weiss & Head, 2015).

There are irregular depressions in the northern part of Hntf, which we believe were caused by subsurface magma
activity in the Hesperian period (Brož & Hauber, 2013; Tanaka, Carr, et al., 2003). This activity likely led to the
melting of the permafrost layer, causing sediment migration northward and resulting in surface subsidence. The
magma may have ascended through fractures formed during the creation of the Utopia Basin.

In summary, we propose that during the Early Hesperian period, a second large‐scale intrusive event occurred in
the mapped area. Extensive flows of lava covered water‐bearing sediments in Nepenthes Planum, forming
numerous north‐south wrinkle ridges upon the tectonic compression by the cooling of lava. The interaction of lava
with sediments led to eruptions resulting in rough surface texture (Skinner & Tanaka, 2018). After emplacement,
the Hntf was cut by the second phase of tectonic activity that formed a long graben, referred to as Amenthes
Fossae (HNaf).

Hntv—Transitional vent unit— Located on the Nepenthes Planum and primarily distributed within the Ne-
penthes transitional flow unit (Hntf), the surface of the transitional vent unit (Hntv) is smooth and features
prominent small hills with central depressions or pits. The small hills can be up to about 300 m high and de-
pressions up to about 200 m deep. Multiple small hills and depressions may be present within the same unit area
(Figure 7a).

Interpretation: We interpret this as extrusive material formed during the same period as the Nepenthes tran-
sitional flow unit (Hntf). The small hills with depressions within the unit may be volcanoes, and the depressions
could be former calderas. These hills vary in size.

Brož and Hauber (2013) measured the geometry of these cones in detail and suggested that the large conical
depressions in Nepenthes Planum are of intrusive origin as their morphology resembles terrestrial tuff rings or tuff
cones, formed by steam explosions resulting from interactions between lava or magma and surface or subsurface
water. This interaction leads to explosive extrusive eruptions, ejecting large volumes of extrusive debris and
creating wide extrusive craters. These tuff cones are mainly distributed in the northern part of Hntf, but there is no
significant correlation between their size and location.

4.4. Lowland Region Units

The geological units in the northern region of the map mainly formed during the Hesperian and Amazonian
epochs, featuring small‐scale landforms such as mesas, pitted cones, and mud volcanoes, closely related to water
and intrusive activities.

Hul1—Lowland unit 1—This unit is located on the southern edge of Utopia Planitia, bordering Nepenthes
Planum (Figure 8). The area is generally flat and smooth, with low hills and north‐south trending scarps
(Figure 7b), featuring an average slope of 0.423°, an elevation ranging from − 4,022 m to − 2,908 m, and an
average elevation of − 3,458 m. Several partially buried craters are present, characterized by exposed crater rims,
while the remaining crater structures are covered and infilled by materials from Utopia Lowland Unit 1 (Hul1).
The southern part contacts the Nepenthes Transitional Flow Unit (Hntf), and it is significantly lower in elevation
than Hntf, with noticeable slope and elevation changes at the boundary. This boundary, situated at an elevation of
approximately − 3,300 m, marks a distinct slope break separating the Hul1 and Hntf units. It covers some mesas
from Hntf, which may reach tens to hundreds of meters in height.

Interpretation: We suggest that this area is composed of mud debris flows, primarily formed during the Hes-
perian. In THEMIS IR nighttime images, this area is not significantly different from AHul2 and may consist of
sediments similar to the VBF. In the global geological map of Mars (Tanaka, Skinner, et al., 2014), it was
identified as a Hesperian deposit consisting of rock collapses, fluvial/lacustrine sediments, and possibly other
sediments and igneous rocks, with tectonic contraction in some places. The origin may be sedimentary or low‐
viscosity lava flows (Skinner & Tanaka, 2018).

Amenthes Cavi is located in the southern part of this unit and has a maximum depth of about 100 m. According to
Skinner and Tanaka (2007), mud volcanism caused fine‐grained materials from depth within the crust to move
upward to the surface and then settle due to source depletion, forming Amenthes Cavi. In this region, we can
observe some impact craters with well‐preserved crater rims, indicating a low rate of erosion. Based on CSFD
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measurements, this unit has a model age of 3.63 Ga (Figure A2), placing it in the Hesperian. We propose that
underground intrusive activity may have caused the permafrost layer to melt, forming debris flows that moved
northward into Utopia Planitia, covering isolated mesas of Hntf and wrinkle ridges formed by the Hntf unit along
the way (Figure 7d). The loss of material in the Amenthes Cavi area led to subsidence and the formation of
depressions. This unit may extend beneath the Vastitas Borealis interior unit (Tanaka et al., 2005), but its exact
termination point is unknown.

In this unit, there are several large partially filled impact craters with their rims exposed above the surface
(Figure 9a). By comparing the calculated geometric parameters, such as crater depth, with actual measurements,
we can estimate the thickness of the unit's infill after the crater's formation. We selected a partially buried impact
crater with a diameter of approximately 29 km (center coordinates: 19.48°N, 107.31°E). The present‐day height
difference between the crater rim and the surrounding plains is about 100 m (Figure 9b). Based on the study by
Garvin et al. (2003), we used the following equation to estimate the rim height:

hr = 0.02D0.84

Figure 8. Geologic map of the Utopia Lowland Region units. The terrain is flat, primarily composed of geological units from
the Hesperian to Amazonian epochs, and is characterized by a large number of ghost craters (Buczkowski & Cooke, 2004)
and polygonal terrain. The base map is the Moderate Resolution Imaging Camera.
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where “hr” is the height of the fresh crater rim relative to the surface it was formed in, and “D” is the crater
diameter (Figure 9b). The derived original rim height hr is ∼340 m, while the present rim height that can be
measured is ∼100 m. Therefore, we estimate that the local thickness of Hul1 surrounding the crater is ∼240 m.

Boyce and Garbeil (2007) conducted morphological studies on craters of different diameters and derived the
relationship between the diameter (D) and depth (d) of craters as follows:

d = 0.315D0.52 (12 ≤ D ≤ 49 km)

The calculated theoretical depth is about 1,800 m, so the maximum thickness of fill in the impact crater is 1,700 m.
This indicates that the Hul1 unit is ∼240 m thick outside the crater but fills the crater itself with a ∼1,700 m thick
deposit (Figure 9b).

AHul2—Lowland unit 2—This lowland unit is one of the main geological units in the Utopia Planitia region
(Figure 8), situated in the northern part of the map and occupying approximately one‐third of the total mapping
area. In 2021, China's Tianwen‐1 landed in the center of this area. The northern part of the unit features numerous

Figure 9. Schematic diagram of the thickness calculation for Hul1. (a) A diagram illustrating the relationship between the
topography profile and impact craters, with the base map being MOLA elevation data overlaid on CTX data, centered at
coordinates (19.48°N, 107.31°E). (b) A schematic representation of the theoretical thickness of Hul1, where the horizontal
axis represents distance and the vertical axis represents elevation. A dashed line is for the vertical axis to indicate that this
image is not proportionally scaled in the vertical direction to emphasize depth relationships.
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polygonal terrain depressions, with the ghost craters (Buczkowski & Cooke, 2004) ranging from 3.5 to 22 km in
diameter widely distributed throughout the region. The central and southern parts have many pitted cones and a
few mesas that are mapped as unit Hntf within unit AHul2, while the pitted cones in the southern part are aligned
as chains. In some locations, Utopia Lowland Unit 2 (AHul2) can be observed overlaying the southern Hul1
(Figure 10a). In some places, steep cliffs formed by faults or collapses can be observed (Figure 10c). In THEMIS
IR daytime images, this area appears relatively bright, indicating that the material has a relatively smaller particle
size, with a clear boundary from the southern Hul1. The surface is relatively smooth with no significant

Figure 10. (a) The boundary between AHul2 and Hul1 with the central coordinates at 20.40°N and 110.25°E. (b) The
boundary between AHul3 and AHul2 with the central coordinates at 28.89°N, 107.82°E. (c) Cliffs within the AHul2 unit of
Utopia Planitia with the central coordinates at 24.29°N, 111.56°E. (d) Depressions at the edge of the AHul3 unit with the
central coordinates at 28.74°N, 108.14°E. The base maps of (a)–(d) are the CTX global mosaic.
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undulations. There are many fresh, high‐albedo impact craters whose ejecta exhibit high thermal inertia char-
acteristics in THEMIS data.

Interpretation: We interpret this unit as Hesperian water‐bearing sediments related to outflow channels outside
our mapping area.

This unit corresponds to the Vastitas Borealis interior unit (ABvi) as mapped by Tanaka et al. (2005) and Tanaka,
Skinner, et al. (2014). It is interpreted as consisting of Hesperian outflow channel deposits, incorporating ma-
terials sourced from both the highlands and lowlands, and subsequently modified during the Early Amazonian by
the volatilization of internal constituents (Tanaka et al., 2005). According to the chronological study by Skinner
and Tanaka (2018), it formed during the Late Hesperian to Early Amazonian. In the global geological map
(Tanaka, Skinner, et al., 2014), it corresponds to the Late Hesperian lowland unit. The absolute model age
determined in this study is ∼3.59 Ga, consistent with the ∼3.6 Ga age reported by Ivanov et al. (2014).

Many scientists have studied this area, and multiple pieces of evidence suggest that it is related to the water bodies
that may have once been widespread in the northern part of Mars, such as the polygonal terrain in the northern part
of the unit (Buczkowski et al., 2012; Hiesinger & Head, 2000; McGill & Hills, 1992). Salvatore and Chris-
tensen (2014) observed similar phenomena in the Chryse and Acidalia Planum. These similar phenomena have
attracted the attention of scientists who concluded that a muddy subsurface unit compacted by sedimentation best
explains the features of Utopia Planitia (Buczkowski et al., 2012; Hiesinger & Head, 2000; Ivanov et al., 2014).
Additionally, Ivanov et al. (2014) interpreted the widespread etched flows—mud‐volcanic deposits that erupted
through the VBF—as evidence of a volatile‐rich water/ice reservoir beneath central Utopia Planitia during the
Late Hesperian.

The pitted cones in the central and southern parts of the region are morphologically similar to terrestrial mud
volcanoes or pingos. Wang et al. (2023), after excluding alternative origins such as ice‐related cones (e.g., pingos)
and rootless cones, concluded that these features represent explosive mud volcanoes. This interpretation implies
that subsurface magmatic activity or localized tectonic processes may have driven the eruption of overpressurized
sediments. The mesas distributed in this area may also result from the erosion of sediments after the retreat of
water bodies (Zhang et al., 2023). The material in this area may originate from sediments deposited by a briefly
expanded ancient ocean during the Hesperian, associated with outflow channel activity (e.g., Ivanov et al., 2014;
Skinner & Tanaka, 2018; Tanaka et al., 2005; Tanaka, Skinner, et al., 2014). Meanwhile, scientists using data
from the Zhurong rover have discovered marine sedimentary rocks formed in a marine environment (Xiao
et al., 2023). This may have been due to ancient climatic changes.

Under THEMIS data, a large number of impact craters with high thermal inertia are observed in the region. On the
one hand, this suggests that the area has not experienced intense erosion since its formation, allowing the craters to
be preserved. On the other hand, the relatively high proportion of fresh craters also indicates that this unit is
relatively young.

We therefore interpret this unit as sedimentary deposits emplaced by Hesperian outflow channels (Ivanov
et al., 2014; Skinner & Tanaka, 2018; Tanaka et al., 2005; Tanaka, Skinner, et al., 2014) with subsequent
modification during the Amazonian period.

AHul3—Lowland unit 3—This unit is located near the central region of Utopia Planitia, covering the northern
part of the mapping area. A distinguishing feature of this unit is the presence of numerous small, densely packed
depressions—up to ∼400 m in diameter—along its lobate margins (Figure 10b). Near the center of this unit, the
development of depressions is not obvious, presenting a flat plateau‐like area. However, if some edge areas have
severely degraded depressions, the boundary with the surrounding units becomes less distinct, lacking changes in
slope. The planar distribution shows some flow characteristics, specifically in the form of fan‐shaped sections.
Within the unit, there are distinct features such as cracks and polygonal terrain. It is slightly higher than the
surrounding units, with an average elevation difference of about 20–30 m. The depressions are not prominent in
THEMIS data but are clearly visible in CTX imagery, showing densely developed depressions along the edges.

Interpretation: We interpret this unit to have been formed as a result of the upwelling of underground mud,
dating from the Late Hesperian to the Early Amazonian.
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Ivanov et al. (2014) studied such landforms within Utopia Planitia and defined them as etched flows formed
during the Hesperian epoch due to the vertical pressure forcing underground mud to erupt onto the surface.

The distribution of Utopia Lowland Unit 3 (AHul3) coincides with the polygonal terrain (Figure A1). The for-
mation of the polygonal terrain may have provided pathways for mud to migrate from the subsurface to the
surface (Ivanov et al., 2014). Therefore, it is possible that AHul3 formed simultaneously with the polygonal
terrain. AHul3 overlies AHul2, indicating that its final emplacement occurred after ∼3.59 Ga, likely during the
Early Amazonian.

From a morphological perspective, AHul3 differs from typical lava flows, with its edges featuring numerous
depressions, indicating weaker erosion resistance. Indeed, the materials of AHul3 are of relatively fine‐grained
materials interpreted from THEMIS IR nighttime data. Cuřín et al. (2023) also studied similar landforms in
Adamas Labyrinthus, southwest of Utopia Planitia, and proposed that the upwelling mud formed an ice crust upon
freezing at the surface. The mud overflowed from the edges of the ice crust, and the subsequent volatilization or
sublimation created the lobate edges filled with depressions.

We interpret this unit as mud‐derived deposits, potentially linked to the presence of water bodies in central Utopia
Planitia (Cuřín et al., 2023; Ivanov et al., 2014).

4.5. Impact Crater Units

HNi—Impact Crater material, degraded—Degraded impact craters in the southern highlands of Terra Cimmeria,
characterized by the absence of well‐preserved crater rims and ejecta deposits. Most of the craters have a circular
shape and are filled with other materials, forming a flat crater floor. The crater walls show slumping toward the
central area (Figure 11).

Interpretation: The ancient impact craters are heavily degraded and filled with other materials. According to
Mangold et al. (2012), impact craters lacking observable central peaks and ejecta are classified as Type I in their
system, with formation predominantly occurring prior to ∼3.7 Ga. Following its formation, the HNi unit

Figure 11. This figure shows the boundaries of the impact crater structures within the mapping area. (a) The boundary of HNi
with the surrounding units, with the central coordinates at 6.79°N, 107.01°E; (b) The boundary relationships between
different units within the AHi impact crater, with the central coordinates at 12.24°N and 113.43°E.
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underwent degradation through two concurrent processes: (a) structural collapse and mass wasting associated
with magma withdrawal events that led to the formation of the Nch2 and Nch3 units around ∼3.89 Ga, and (b)
hydrodynamic scouring by contemporaneous meltwater outflows (Figure 5c), which further eroded the unit.
Around ∼3.46 Ga, subsequent small‐scale extrusion activity infilled these ancient craters, and wrinkle ridges
formed as a result of tectonic compression during lava cooling. Subsequently, they continued to be filled with
other materials, such as ejecta from younger surrounding impact craters and lava from deep faults in the impact
craters, consistent with the intrusive intrusion model proposed by Jozwiak et al. (2012).

AHi—Impact Crater material, preserved—Impact crater materials are distributed throughout the study area,
preserving relatively complete impact crater structures (Figure 11a). In some larger impact craters, more detailed
impact structures can be identified (Figure 11b).

Interpretation: Impact‐related materials are distributed across various units in the mapped area. Such impact
craters typically exhibit well‐preserved central peaks and ejecta. According to the research by Mangold
et al. (2012), these craters are classified as Type II and III, with their formation predominantly occurring during
the Hesperian and Amazonian periods. AHi units are distributed throughout the mapping area, with the largest
example measuring approximately 55 km in diameter, centered at 12°N, 105°E. Morphological variations are
observed among AHi craters at different locations. For instance, those in the central part of the mapping area
commonly display double‐layered ejecta, while craters in the northern region exhibit single‐layered, pancake‐
like, or rampart morphologies (Ivanov et al., 2014). These differences are likely attributable to spatial varia-
tions in target material composition.

AHip—Impact crater peak located at the center of the AHi unit is characterized by a mound‐ or cone‐shaped
central uplift with a rough, brecciated surface texture (Figure 11b).

Interpretation: Formed by elastic rebound of deep target rocks during the modification stage of the impact,
intense fracturing and hydrothermal alteration leave a blocky texture (Melosh, 1989; Osinski & Pierazzo, 2012).
Minor coatings of impact melt or fallback breccia may contribute to additional surface roughness.

AHif—Impact crater floor, the flat area in the central region of the impact crater (Figure 11b), has a local dis-
tribution of numerous sand dunes.

Interpretation: A coherent impact melt sheet was emplaced, cooled, and leveled, followed by isostatic settling
(Grieve & Cintala, 1992; Osinski & Pierazzo, 2012). Subsequent deposition of thin layers of sediment, lava, or
aeolian dust further smoothed any residual topographic relief.

AHiw—Impact crater wall, the steep inner wall of the impact crater (Figure 11b), near the edge and closer to the
center, showing terraces and slump scars.

Interpretation: Rotational slumping along listric faults leads to the development of multi‐terraced crater walls.
Continued mass wasting, potentially aided by the melting of ice‐rich layers, further enhances wall collapse
(Kenkmann et al., 2014; Melosh, 1989).

AHir—Impact crater rim, the circular ring protruding above the surface (Figure 11b), crest discontinuous.

Interpretation: Uplifted and overturned strata, mixed with proximal ejecta during the excavation stage, form the
crater rim. Subsequent aeolian abrasion and secondary impacts contribute to rim notching and breaching
(Melosh, 1989).

AHie1—Impact crater ejecta 1 (inner), the proximal ejecta of the impact crater (Figure 11b), rough, lobate, high‐
thermal‐inertia deposit immediately outside the rim.

Interpretation: Coarse, melt‐rich ballistic ejecta were emplaced during the initial collapse of the ejecta curtain,
commonly containing impact melt veneers and blocky breccias (Barnouin‐Jha & Schultz, 1998; Osinski
et al., 2005).

AHie2—Impact crater ejecta 2 (outer), the ejecta near the outer side of the impact crater (Figure 11b), smoother
blanket with radial grooves and secondary pits.
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Interpretation: Fine‐grained distal ejecta were deposited from the later, decelerating phase of the ejecta curtain.
Radial lineations and secondary craters reflect velocity decay and ballistic clustering during emplacement
(Barnouin‐Jha & Schultz, 1998; Schultz & Gault, 1979).

5. Discussion
5.1. Comparison to Previous Maps

Previous studies have conducted varying degrees of mapping work on the entire or parts of the study area, with
scales ranging from 1:20,000,000 to 1:1,500,000 (Erkeling et al., 2011; Hiller, 1979; Ivanov et al., 2014; Skinner
& Tanaka, 2018; Tanaka, Skinner, et al., 2014). These studies utilized data sets fromMariner 9, MOLA, THEMIS
daytime and nighttime data, and CTX, among others (Table 1).

Compared to the aforementioned geological maps, we have used a larger scale (1:1,000,000 for digital mapping).
This allowed us to delineate more detailed geological units and identify different geological units in the Terra
Cimmeria and Amenthes regions. With the support of CTX and other data, the boundaries of each unit are more
accurately defined. Compared to Skinner and Tanaka (2018), our geological map covers a larger north‐south
range, adding units AHul3, Hap, Nat, and HNaf.

Ivanov et al. (2014) conducted a geomorphologic analysis of the southwestern portion of Utopia Planitia and
mapped the etched flow as the “Etched flows” unit. We have delineated the etched flow as the AHul3 unit and
identified its boundaries more accurately using CTX high‐resolution images, better illustrating its position within
the mapped area and its relationship with other geological features.

Erkeling et al. (2011) conducted morphological and stratigraphic investigations of the Amenthes region, pro-
ducing a series of geological maps and stratigraphic correlation charts, providing a good chronological analysis of
Amenthes Planum and Amenthes Fossae. Based on our digital mapping with 1:1,000,000 scale, we have updated
our understanding of Amenthes Fossae. We agree that this unit formed during the Noachian period (Erkeling
et al., 2011), but through the cross‐cutting relationships between different units (Figures 2b and 2c), we have
discovered that this geological unit formed two grabens approximately 3.71 Ga ago, demonstrating complex
tectonic activity.

Compared to previous geological maps that cover a wide area, we provide higher resolution boundaries of
geological units. In contrast to SIM 3389, our map covers approximately 25° of latitude and includes multiple
geological units ranging from the Noachian to the Amazonian periods. Additionally, we have provided new
insights into the formation and evolution timeline of Amenthes Fossae.

5.2. Geologic History

Based on our detailed geological mapping, we interpret the geological history as follows:

5.2.1. Late Noachian Erosion of the Glaciated Highland

In the geological map, Terra Cimmeria is interpreted as an Early Noachian terrain (Tanaka, Skinner, et al., 2014)
composed of ancient impact breccias that predate the formation of Utopia Planitia (Skinner & Tanaka, 2018). This
region was designated as the Nch1 unit in our mapping. During the Late Noachian period (Figure 14), the southern
highlands preserved a significant amount of ice. Extensive extrusion activity led to the melting of this ice and
subsequent erosion of the landscape (Head & Wilson, 2007). The eroded areas formed Nch2 and Nch3, while the
part near Amenthes Planum was eroded to form Nat (Figure 2a). After the lava cooled, multiple wrinkle ridges

Table 1
Information From Geological Maps Compiled by Different Scholars

Author Year Geologic map Scale Database

Hiller 1979 Geologic Map of the Amenthes Quadrangle of Mars (I‐1110) 1:5,000,000 Mariner 9

Tanaka et al. 2014 Geologic Map of Mars (SIM‐3292) 1:20,000,000 MOLA DEM; THEMIS

Skinner and Tanaka 2018 Geologic Map of the Nepenthes Planum Region, Mars 1:1,500,000 MOLA DEM; THEMIS; CTX; HiRISE
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developed (Watters, 1988) on the Nch3 unit (Figure 5b). The widespread extrusive activity likely caused a brief
temperature increase in the region, releasing meltwater (Halevy & Head, 2014). Channels developed on Nat,
which later evolved into inverted channels (Williams et al., 2009) (Figure 5c). The surface or near‐surface ice that
may have formed during the Late Noachian (Fastook & Head, 2015) in Nch1 began to melt, forming meltwater
channels (Figure 4c).

5.2.2. Early Hesperian Multi‐Regional Extrusive Activity

During the Early Hesperian period (Figure 14), the region experienced a second phase of extensive extrusive
activity. The Nepenthes transitional flow unit (Hntf) is likely formed by the combined action of erupting lava
flows and mudflows (Tanaka, Carr, et al., 2003). As the lava flows cooled, numerous north‐south oriented wrinkle
ridges were formed (Figure 7c). Consequently, the volatilization of water or ice led to the development of rough
surface texture (Figure 7a). Near the northern boundary of the Hntf unit, there are several tuff cones formed as a
result of interactions between magma and subsurface water (Brož & Hauber, 2013). This unit may extend further
north, covering Utopia Planitia and forming its underlying wrinkle ridge plains (Figure 13). At approximately
3.71 Ga, the region experienced extensional stress, leading to the development of Amenthes Fossae, which cut
through Nch2, Nch3, and Nat (Figures 2b and 2c). The Amenthes Fossae cuts through the Hntf unit while being
overlain by it.

Similarly, during the Early Hesperian, active extrusive activity in the southwestern mapping area led to large
volumes of lava flowing in and filling the Amenthes Planum, covering the weathered sediments from the
Noachian period (Erkeling et al., 2011). This also covered parts of the Amenthes transitional unit (Nat) and
Amenthes Fossae unit (HNaf) (Figure 2b). During the subsequent tectonic compression by the cooling of lava,
many wrinkle ridges developed, and the streamlined grooves on the surface may have been formed by water or
lava flow.

During the ∼3.66 Ga, small‐scale extrusion and water activity erosion occurred in the southern highlands. Some
low‐lying areas may have temporarily accumulated high‐salinity brines, forming polygonal ridges as the water
sublimated (Figure 5d).

Around 3.46 billion years ago, during the Early Hesperian, extrusive activity occurred within ancient impact
craters, and the faults at the base of the impact craters may have provided access to magma (Jozwiak et al., 2012).
The crater floors were filled with lava, and the crater walls experienced modification (Figure 11a). Wrinkle ridges
formed on the crater floors.

5.2.3. Formation of the Amenthes Cavi

During the Hesperian period (Figure 14), the area north of Amenthes Cavi experienced extensive material infill
and coverage, burying numerous impact craters and mesas (Figure 7d). The sharp edges of many partially buried
impact craters remain well‐preserved.

In our mapping area, Amenthes Cavi presents irregular depressions with arcuate boundaries, which are pre-
dominantly located at the contact between the Hntf and Hul1 units (Figure 12). The interior slopes of these de-
pressions are gentle.

There are different hypotheses regarding the origin of Amenthes Cavi. Skinner and Tanaka (2007) attributed it to
collapse following mud reservoir depletion at depth. Another possibility is that changes in Mars' axial tilt
(Montmessin, 2007) led to the melting of subsurface ice, which in turn formed Amenthes Cavi. However, if this
were the case, the distribution of Amenthes Cavi should follow a latitudinal pattern rather than being concentrated
in the northern part of the Hntf unit. Based on the research about the depressions near the etched flows, Ivanov
et al. (2014) suggested that the release of subsurface fluids may have caused the collapse of strata and surface
subsidence. In our study, the area containing Amenthes Cavi also hosts tuff cones interpreted to be associated with
intrusive activity, indicating the presence of subsurface magmatic processes. Consequently, the formation of
Amenthes Cavi likely involved contributions from subsurface intrusion. Therefore, we believe that during the
Hesperian, underground intrusive activity in the Amenthes Cavi and northern regions caused the melting of the
permafrost layer, the release of subsurface fluids led to the collapse of the strata (Wilson & Head, 2004). The
resulting debris flows developed northward, burying the mesas and impact craters (Figure 7d). Due to the

Journal of Geophysical Research: Planets 10.1029/2025JE008931

ZHANG ET AL. 20 of 28

 21699100, 2025, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JE

008931 by C
alis-C

hina U
niversity O

f, W
iley O

nline L
ibrary on [31/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



northward loss of material, the Amenthes Cavi area saw the formation of numerous depressions caused by terrain
collapse. This unit may extend into the interior of the Utopia Basin, but the exact boundaries are still unclear
(Figure 13).

5.2.4. Formation of the Vastitas Borealis Formation

From the Late Hesperian to the Early Amazonian period (Figure 14), the formation and evolution of the VBFwere
the main geological event for the AHul2. Due to the development of outflow channels during the Hesperian

Figure 13. Schematic diagram of the stratigraphic profile. The dashed lines and question marks represent the inferred relationships of the underground strata. The
Noachian units in the southern part of the mapping area exhibit rugged surfaces, with some being overlaid by younger units. The Hntf unit in the central part may have
extended further to the north, but it was later covered by other units. The lower layers of the Utopia Planitia in the northern part may contain highland materials from the
Noachian and Hesperian epochs.

Figure 12. (a) The location of Amenthes Cavi within the mapping area, with a central coordinate of 15.0°N, 110.0°E and the basemap is MOLA DEM overlay on the
MoRIC. (b) An Amenthes Cavi located on the western side, with a central coordinate of 17.86°N, 106.07°E and a base map of CTX global mosaic. (c) An Amenthes
Cavi located in the central region, with a central coordinate of 17.35°N, 112.13°E and a base map of CTX global mosaic.
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period, large amounts of water‐laden sediments flowed into the northern lowlands (Baker et al., 1991; Parker
et al., 1989, 1993; Tanaka, 1997), including Utopia Planitia (Ivanov et al., 2014). The influx of the VBF covered
the Hntf, an extrusive unit, aligning vertically with Zhao et al. (2021)'s stratigraphic division of Utopia Planitia,
where the VBF lies above the wrinkle ridge plains.

In the northern part of the mapping area, within Utopia Planitia, polygonal terrains (Figure 8) and fractures
appeared, likely due to the pressure from overlying strata causing fracturing and subsidence (Ivanov et al., 2014).
Under vertical stratigraphic pressure, deep mud began to rise along these fractures and erupted from surface
cracks (Ivanov et al., 2014). Due to the low temperatures, the initially erupted mud formed an ice crust on the
outside, with subsequent mud flows emerging from beneath this ice crust. The edges of the mudflows developed
numerous depressions due to the volatilization and sublimation of water (Cuřín et al., 2023). The various
degradation states of these etched flows suggest that the mud upwelling process was episodic, accompanying the
subsidence of the strata. Additionally, due to intermittent underground intrusive activity, small units such as pitted
cones (Komatsu et al., 2011; Wang et al., 2023) in the southern part of the VBF.

6. Discussion About the Potential Landing Area of Tianwen‐3 Mars Sample Return
Mission
The primary objective of the Tianwen‐3 mission is to search for signs of life on Mars. Based on both scientific
priorities and engineering constraints (Table 2), the landing site must be selected within defined parameters to
ensure a safe descent and landing (Hou et al., 2024). The Tianwen‐3 science team has proposed 86 potential
landing sites, two of which are located within Utopia Planitia (Hou et al., 2024).

The AHul2 unit is the largest geomorphological unit within the mapped re-
gion of Utopia Planitia and displays a variety of landforms indicative of past
water or ice‐related processes. We interpret the AHul2 unit as comprising
VBF materials emplaced by Hesperian outflow channels. The VBF extends
across much of the northern lowlands, including Utopia Planitia. Numerous
landforms—including mud volcanoes (Wang et al., 2023), mudflows (Cuřín
et al., 2023), giant polygons (Hiesinger & Head, 2000), and circular grabens
(Buczkowski et al., 2012)—support the sedimentary origin of the VBF and
the potential existence of an ancient northern ocean (Ivanov et al., 2014;
Wang & Huang, 2024).

Table 2
Engineering Constraints for the Tianwen‐3 Mission (Hou et al., 2024)

Parameters Value

Altitudes ≤− 3 km

Latitudes 17°–30°N

Slopes ≤8°

Rock abundances ≤10%

Figure 14. Stratigraphic column chart. The sawtooth pattern represents the estimated approximate start and end times. Most geological units were formed during the Late
Noachian to Early Amazonian epochs. The units of the Highland Region predominantly formed during the Noachian, whereas the units of the Transitional Region were
mainly formed during the Early Hesperian. The units of the Lowland Region primarily formed during the Late Hesperian to Early Amazonian epochs, and the units of
the Amenthes Region predominantly formed from the Late Noachian to the Late Hesperian epochs.
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The Zhurong rover landed in the southern part of Utopia Planitia in May 2021, within the VBF unit. Observations
from the Multispectral Camera (MSCam) identified rocks with bedding and inclined stratification; by comparing
these structures to terrestrial analogs formed in various environments, Xiao et al. (2023) ruled out aeolian origins
and interpreted the features as indicative of deposition in a shallow marine setting. Subsurface radar data from the
low‐frequency channel of the Rover‐mounted Subsurface Penetrating Radar (RoPeR) revealed two sets of nor-
mally graded subsurface layers, interpreted by C. Li et al. (2022) as products of episodic catastrophic flooding
events during the Late Hesperian to Early Amazonian. Further analysis by J. Li et al. (2025) imaged multilayered
sedimentary reflectors dipping unidirectionally at 6°–20°, located 15–35 m below the surface along a 1.3 km
traverse perpendicular to a proposed paleo‐shoreline, and interpreted them as coastal deposits. These multiple
lines of evidence for aqueous processes underscore the AHul2 unit's potential for preserving biosignatures.

Based on the experience of Wu et al. (2022) in defining landing ellipses for the Tianwen‐1 mission, the potential
landing ellipse dimensions were approximately 56 km along the long axis and 22 km along the short axis. This
standard may serve as a reference framework for delineating the landing area of the Tianwen‐3 mission.

7. Conclusion
Our 1:1,000,000‐scale geological mapping and stratigraphic analysis of southern Utopia Planitia (5°–30°N, 105°–
115°E) near the Martian dichotomy boundary has provided refined insights into the geologic history and crustal
evolution of this transitional region. Key findings are summarized as follows:

1. We identified 20 distinct geological units and classified them into five major groups: four highland units
(HNch4, Nch3, Nch2, Nch1), two transitional units (Hntf, Hntv), three lowland units (AHul3, AHul2, Hul1),
three Amenthes region units (Nat, Hap, HNaf), and eight impact‐related units (HNi, AHi, AHip, AHif, AHiw,
AHir, AHie1, AHie2). These units collectively record stratigraphic assemblages spanning from the Early
Noachian to the Early Amazonian, capturing key transitions in regional tectonic, volcanic, and hydrologic
processes.

2. CSFD analyses, combined with cross‐cutting and superpositional relationships, allow the subdivision of the
regional geological history into five stages. These include two large‐scale extrusive episodes during the Late
Noachian and Early Hesperian, two regional extrusive events related to the development of wrinkle ridge
plains and tuff cones, and one intrusive event that drove volatile loss and sediment mobilization in the
Hesperian.

3. The Hul1 unit, interpreted as a Hesperian debris flow deposit at the southern margin of Utopia Planitia, has a
maximum surface thickness of ∼240 m, calculated based on the burial depth of a partially infilled 29‐km‐
diameter impact crater. Infill thickness within the crater itself reaches ∼1,700 m, implying substantial sedi-
ment accumulation following formation of the crater.

4. The AHul2 unit, occupying the northern part of the map and corresponding to the VBF, is composed of
Hesperian to Amazonian outflow channel deposits. It meets all engineering constraints for China's Tianwen‐3
sample return mission (altitude ≤ − 3 km, latitude 17°–30°N, slope ≤8°, rock abundance ≤10%) and preserves
abundant evidence for past aqueous processes, including polygonal terrain, pitted cones, and potential mud
volcanoes. AHul2 is thus identified as a scientifically compelling and technically viable landing candidate.

These findings offer an updated geologic framework for interpreting the tectono‐thermal and aqueous history of
theMartian dichotomy boundary in southern Utopia Planitia, with important implications for understandingMars'
ancient climate and informing future exploration strategies.

Appendix A
Geologic map of the dichotomy region in the southern Utopia Planitia, Mars and model ages of selected geologic
units, derived using the Ivanov (2001) production function and the Hartmann and Neukum (2001) chronology
function.
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Figure A1

Figure A1. Geologic map of the dichotomy region in the southern Utopia Planitia, Mars. This map shows the distribution of different geologic units within the mapping
area, highlighted by color coding. The included figures illustrate the details of various geological units and their interrelationships.
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Figure A2

Data Availability Statement
The final geologic map and related CSFD files are available via Zenodo (Zhang et al., 2025). THEMIS IR data
(Christensen et al., 2004), HiRISE images (McEwen et al., 2007), and HRSC‐MOLA blended DEM (Fergason
et al., 2018) are available from the PDS. The CTX global mosaic data are available at the Caltech Murray Lab
(Dickson et al., 2018) and are archived in the PDS. The MoRIC data (Liu et al., 2024) used in this work was
processed and produced by the Ground Research and Application System (GRAS) of China's Lunar and Planetary
Exploration Program.
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