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Abstract

The Terra Cimmeria-Nepenthes Mens2e Transitional Zone comprises two highly
contrasting geologic-geomorphic u. Mma.ns bounded by the dichotomy escarpment in the
equatorial region of Mars. “his research provides insight into the geological and
geomorphological evoluticn f the poorly explored NW Terra Cimmeria and SE
Nepenthes Mensae. A etailed study largely based on cartographic work and
complemented by muliple analyses focused on crater densities, spectral data and radar
profiles reveals that (1) the exposed geological record of this transitional zone formed
over a long time-span from the Early Noachian to recent times, (2) the inferred
compressional and extensional tectonic stresses shaped the landscape at least from the
Late Noachian to Late Hesperian, and (3) extensional tectonics, which post-dated the
compressional deformation, has controlled the development and evolution of the 2-km-
high dichotomy escarpment, the system of NW-SE-oriented basins that used to host

paleolakes from the Late Noachian to Late Hesperian, and the fissure volcanism in their



deepest areas. These findings shed light into the fundamental morphogenetic role played
by compressional and extensional tectonics, and fluvio-lacustrine activity on the
configuration of the landscape in these regions. This work provides a reference
geologic-geomorphologic framework for future studies in this area and other sectors

along the highland-lowland transitional zone of Mars.

Keywords: Mars; Planetary mapping; Dichotomy boundary; Tectonic geomorphology

1. Introduction

The highland-lowland transition, often refrned to as the crustal dichotomy
(McCauley et al., 1972), represents one of th: most prominent geomorphic features on
the surface of Mars (Solomon et al., “00%), formed during the early Noachian (Tanaka
et al., 1992a). This hemispheric i>ature that circumscribes the planet bounds two
contrasting geologic and geomointic domains comprised by the ancient, densely
cratered and rough highlan: pla.eaus in the south, and the younger, sparsely cratered
and relatively smooth >w.and plains in the north (Morgan et al., 2009). The
geomorphic express.on of the Martian dichotomy varies laterally, ranging from an
escarpment up to 3 km in local relief (Irwin et al., 2004), like the one with associated
residual reliefs of highland materials in Nilosyrtis Mensae (Levy et al., 2007), to gently
sloping surfaces with no obvious scarp as occurs in northern Arabia Terra (McGill,
2000). The highland-lowland boundary cannot be traced along the Tharsis region, where
its geomorphic expression has probably been obliterated by more recent volcanic
materials (Zuber et al., 2000).

Studies carried out along the upland-lowland boundary have put forward various



endogenic and exogenic interpretations for its formation (McGill and Squyres, 1991),
which remains as an unresolved problem (e.g., Andrews-Hanna et al., 2008; Golabek et
al., 2011). The main externally-driven hypotheses include: (1) a single “mega-impact”
event responsible for the creation of the “Borealis basin” (Wilhelms and Squyres,
1984), (2) the impact “megadome” hypothesis, according to which the melt generated
by a giant impact overfilled the impact basin to form the highlands (Reese et al., 2011),
and (3) multiple impact depressions merged into a large basin forming the lowlands in
the northern hemisphere (Frey et al., 1986; Frey and Shult> 1288). Several endogenic
hypotheses have also been proposed: (1) long-wavelergyu. mantle convection resulting
in large-scale upwelling (Zhong and Zuber, 2001- kcherts and Zhong, 2006; Ke and
Solomatov, 2006), (2) long-wavelength “cumul~te averturn” of a stratified magma
ocean resulting from the crystallization of en (arly magma ocean (Elkins- Tanton et al.,
2005), and (3) an early plate tectonice oh7.se involving the creation of a thin crust in the
northern hemisphere from relict <oreading centers, with the crustal dichotomy
representing a passive margin (Sle.n, 1994). The models based on multiple impacts and
plate tectonics to explain ‘he urigin of the dichotomy have not been sufficiently
supported and remain as n*asted hypotheses (Roberts, 2015). Although the origin of
the dichotomy rera. s as an open issue, it seems probable that multiple processes may
have operated in conjunction to form this major geomorphic feature (Reese et al., 2010),
which may have been subsequently modified by tectonic, fluvial, glacial, eolian, and
mass wasting processes (Watters and Robinson, 1999; Tanaka et al., 2005).

The geomorphic expression of the highland-lowland boundary in Aeolis Mensae
(e.g., Irwin et al., 2004; Irwin et al., 2005) is like that found between the cratered
highlands of the northwest part of Terra Cimmeria and the lowland plains of the

southeast zone of Nepenthes Mensae analyzed in this work. Both regions are



characterized by the occurrence of a remarkable dichotomy escarpment (~2 km in local
relief) and closed depressions in the lowlands interrupted by mesas and knobs
(relatively small, rounded hills) made up of materials of the highland plateau (see Fig.
1a, b). According to Irwin et al. (2004), the latter landforms probably correspond to
residual outcrops resulting from fracture-controlled differential erosion acting along the
edge of the escarpment. In these regions, as well as in Nilosyrtis Mensae, the highland
residuals north of the escarpment show an increasing degree of degradation grading
northward from mesas to sparse knobs (Irwin et al., 2004) The approximate alignment
of mesa margins, buttes and knobs in Nilosyrtis Mensa;, .~ well as the straightness and
orientation of valleys, mostly parallel to the dic,.atomy escarpment, have been
associated with the occurrence of Noachian-aged gichens along the crustal dichotomy
(Levy et al., 2007). These transitional prov’nc *s show various morpho-tectonic features
such as fracture-controlled linear val’2ys «nown as fretted valleys, extensional troughs
forming chains of closed depressio.:s in the lowlands, and lobate scarps ascribable to
thrust faults in the adjacent hinhlonds (McGill and Dimitriou, 1990; Watters, 2003a,
2003b; Watters and McGov:*n, J06).

This work is focuseu 01 the highly contrasting transitional zone of NW Terra
Cimmeria and SE Nceinnes Mensae (Fig. 1a, b), which remains as a poorly understood
area (e.g., Skinner and Tanaka, 2018) and offers the opportunity for gaining insight into
the processes involved in the development and evolution of the dichotomy escarpment.
This area has been covered by multiple global and regional geologic maps produced by
the United States Geological Survey (USGS) (e.g., King, 1978; Scott and Carr, 1978;
Hiller, 1979; Greeley and Guest, 1987; Tanaka et al., 1992b; Tanaka et al., 2005;
Tanaka et al., 2014). Recently, Skinner and Tanaka (2018) produced a regional-scale

geologic map of the transition zone between Terra Cimmeria and Utopia Planitia, which



is located northwest of our study area. Due to its proximity, this map provides a
geological framework with which to compare our study. In the last few years, several
authors have highlighted the important role played by surface water on the configuration
of NW Terra Cimmeria and SE Nepenthes Mensae (e.g., Goudge and Fassett, 2018;
Rivera-Herndndez and Palucis, 2019; Garcia-Arnay and Gutiérrez, 2020). Specifically,
putative deltas, shore platforms and paleolakes associated with a belt of closed
depressions distributed along the foot of the dichotomy escarpment illustrate the value
of geomorphic studies for understanding the role of the hydras,here of Mars in the past
(Garcia-Arnay and Gutiérrez, 2020). However, despite s ‘mportance, there is a lack of
detailed cartographic studies to furnish knowledge ahc 't the geological context and the
evolution of this transitional zone. Areas located cic<e to our study region have been
selected as landing sites for several missiol. due to their low latitude, potential for
paleoenvironmental research, and/or ~er- asive planarity (e.g., NASA’s Mars Science
Laboratory “Curiosity” and InSigh. missions settled in Gale crater and SW Elysium
Planitia, respectively). The Nene-tes Planum region has been also targeted as a
favorable landing site over ‘ime (e.g., NASA’s Viking lander 1, Mars Pathfinder and
Mars Exploration Rover n..*<<ions or ESA’s Beagle 2 mission), but finally discarded due
to lack of sufficient w.owviedge about its geology (Skinner and Tanaka, 2018).

In this study, we have carried out a comprehensive local- and regional-scale
geological study of NW Terra Cimmeria and SE Nepenthes Mensae largely based on
cartographic work with the following purposes: (1) improve our knowledge on the
geology and geomorphology of this transitional zone; (2) infer the processes responsible
for the formation of the system of closed depressions that used to host paleolakes; (3)
analyze the evolution of the dichotomy escarpment; and (4) reconstruct the geological-

geomorphological history of the region. To achieve these objectives, we have produced



a detailed geologic-geomorphic map identifying and describing the different units and
features, analyzing their geometrical relationships, and correlating the units with those
of the previous geological maps. We have also inferred the mineral composition of
surface materials of paleoenvironmental interest, estimated the age of the main mapped

units, and interpreted subsurface structures from the analysis of radargrams.

2. Regional setting in the highland-lowland boundary

The study area is in the Terra Cimmeria-Nepen'ie. Mensae Transitional Zone
(CNTZ), comprising two contrasting geologic-genmicrohic domains bounded by the
dichotomy escarpment, in the equatorial region 2t *Mars (Fig. 1a). The sector of the
CNTZ analyzed in this work corresponds t2 e .aorthwest part of Terra Cimmeria and
the southeast zone of Nepenthes Me sar. Terra Cimmeria forms part of the highland
province, south of the dichotomy w~undary, and was mapped as a Middle Noachian
highland unit (mNh) characterizec. by moderately to heavily degraded terrains formed
by undifferentiated impact, *‘olcanic, fluvial and basin materials, according to the most
recent global geological n.~n of Mars (Tanaka et al., 2014). This heavily cratered region
has been tectonically ~oiiracted, as indicated by the presence of numerous lobate scarps
and wrinkle ridges (e.g., Watters and Robinson, 1999). It is also dissected by ancient V-
shaped fluvial valleys (e.g., Irwin and Howard, 2002), with mouths located along the
dichotomy escarpment, with a local relief of around 2 km. The valleys seem to be
locally disrupted by compressional tectonic deformation, suggested by the occurrence of
beheaded channels associated with lobate scarps. They also show a clear structural
control in the vicinity of the dichotomy, following the orientation of morpho-structural

troughs both subparallel and subperpendicular to the escarpment, probably generated by



extensional tectonic deformation and/or lateral spreading along the dichotomy (see Fig.
2a). Licus Vallis, which is the main ancient fluvial valley in the study area, shows an
apparently poorly evolved watershed, as suggested by its convex hypsometric curve and
a very low drainage density (Garcia-Arnay et al., 2018b). The paired terraces and
knickpoints observed within this and other valleys seem to support base-level variations
in the mouth area of the watersheds and/or rejuvenation by vertical tectonic movements
(Goudge and Fassett, 2018). Furthermore, the majority of the valley networks, including
Licus Vallis, show moderately preserved fan-shaped deposits .+ their mouths, most of
them interpreted as putative Gilbert-type deltas and alluvia! tans (e.g., Irwin et al., 2005;
de Pablo and Pacifici, 2008; Garcia-Arnay et al ~118a, b; Rivera-Hernandez and
Palucis, 2019; Garcia-Arnay and Gutiérrez, 2020)

The terrains north of Terra Cimmeria or.espond to the region of Nepenthes
Mensae, which is part of the transi‘ioral province north of the dichotomy. It was
mapped as a Hesperian and Noachicn transition unit (HNt) and described as Noachian
impact breccias, volcanic rocks ar.? aprons formed by mass-wasted deposits during the
Hesperian (Tanaka et al., 201<). This region displays two contrasting areas: (1)
tectonically-contracted nicteaus with eolian erosional landforms, and (2) a belt of
interconnected Nw Sk-wending closed depressions at the foot of the dichotomy
escarpment in the knobby terrain (Irwin et al., 2004). These closed depressions together
with the dichotomy escarpment are probably related to extensional deformation
(Watters, 2003a; Watters and McGovern, 2006) (see Fig. 1b). Both areas display
numerous residual outcrops (mesas and knobs) formed by highland materials. The
presence of structural elements along the dichotomy may have also controlled the
erosion pattern of the highlands, as suggested by fracture-controlled erosional troughs

displayed by residual reliefs such as mesas (see Fig. 2a). The identification of fan-



shaped deposits and coastal-like benches associated with the closed depressions,
interpreted as putative Gilbert-type deltas and paleoshore platforms, respectively
(Garcia-Arnay and Gutiérrez, 2020), may be attributable to landforms developed along

the shores of interconnected paleolakes.
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Fig. 1. (a) Colorized elevation model (km above Martian datum) derived from HRSC-
MOLA blended data over a base mosaic map of THEMIS-IR day images, with the study
area framed by the red rectangle. The small white circles and the small yellow

circles/boxes, as well as their corresponding labels indicate the position of the images



shown in Figs. 3 and 4, respectively. The white polygon indicates the location of the
CTX image shown in (b). Black polygons indicate the area covered by the 3D model of
Fig. 12, and the location of the CRISM images shown in Figs. 6 and 7 (b)
Interconnected closed depressions in the Nepenthes Mensae region showing 500-m
contour intervals. Darker areas at the foot of the dichotomy escarpment are associated

with dark-toned dunes (CTX image mosaic).

3. Data and methods

Images, topographic and spectral data, as well as racr profiles were used to map and
infer the geology, geomorphology, age, surface ron.nosition, and internal structure of
the CNTZ. Visible images included panch, ‘mtic images acquired by the Context
Camera (CTX, 5-6 m/pixel) (Malin € al , 2007), and additional images from the High
Resolution Imaging Science Expern.ment (HIRISE, ~25-50 cm/pixel) (McEwen et al.,
2007), both instruments on be~rd NASA’s Mars Reconnaissance Orbiter. The global
CTX image mosaic (Dicks:n ev al., 2018) covers the totality of the CNTZ, whereas
HIiRISE images cover soe~if.c zones of the study area. Infrared images comprised the
daytime infrared in.>ae mosaic obtained by the Thermal Emission Imaging System
(THEMIS, 100 m/pixel) (Edwards et al., 2011; Christensen et al., 2004, 2013), on board
NASA’s Mars Odyssey. In order to differentiate surface materials on the basis of their
thermophysical properties, we used the THEMIS-based thermal inertia (T1) (Fergason et
al., 2006), which is derived from the nighttime infrared image mosaic captured by
THEMIS.

Topographic data were extracted from Digital Elevation Models (DEMs) acquired by

instruments with different spatial resolutions and coverages: laser altimeter point shot-



constrained global gridded data from the Mars Orbiter Laser Altimeter (MOLA, 463
m/pixel) (Zuber et al, 1992), on board NASA’s Mars Global Surveyor, as well as stereo-
pair images from the High Resolution Stereo Camera (HRSC, 50-75 m/pixel), on board
ESA’s Mars Express. The characterization and morphometric analysis of the landforms
were carried out using, where possible, the HRSC-derived topographic data that
displays the best spatial resolution. In order to cover areas where HRSC data are not
available, we used a HRSC and MOLA blended DEM (Fergason et al., 2018, ~200
m/pixel). The images and topographic data were inteorannd into a Geographic
Information System (ESRI’s ArcGIS 10.5.1) to map ~.nu carry out multiple analyses.
Spatial data were projected into the ac~graphic  coordinate  system
“GCS_Mars 2000 Sphere”, with an equidistant cy:*ndrical projection and a central
meridian of 125°E, which is approximately ‘o. +teJ in the center of the CNTZ.

The geologic-geomorphic map (Fiy. 2a) was produced applying standard
methodologies and techniques usea 1 planetary geological mapping (e.g., Greeley and
Batson, 1990; Wilhelms, 1990} as w:ll as in geological mapping of Mars (e.g., Skinner
and Tanaka, 2003; Tanaka :t al., 2014; Skinner and Tanaka, 2018). We mainly used a
combination of images (visible and infrared) and topographic data that permitted the
identification of tne ~uriace units based on their primary surface features (Skinner and
Tanaka, 2003). This approach was also used for the characterization of the units, the
analysis of their geometrical relationships, and their correlation. The mapping scale
varies across the study area according to the resolution of the spatial data, ranging
between ~0.25 and 100 m (minimum size of identifiable features). We used the
THEMIS daytime infrared image mosaic as a primary base map to identify the lateral
extent of the units. CTX and HIRISE images, as well as the Tl mosaic, were used as

supplementary datasets for refining the mapping of the boundaries of the units and



interpreting their origin. The spectral data provided information on the mineral
composition of some units of special interest (e.g., putative delta deposits and volcanic
materials). The mapped units were named (see Fig. 2a) based on their geographic
location, where applicable, dominant landforms and/or genesis, as well as stratigraphic
relations, in order to maintain consistency (Hansen, 2000; Tanaka et al., 2005; Skinner
and Tanaka, 2018). The units were also labeled and grouped (Fig. 2a) following an
analogous methodology to that applied by Skinner and Tanaka (2018) for the geological
map of Nepenthes Planum. The drainage network was initan,” mapped automatically
using the “Hydrology” toolset in ArcGIS and was later “in.voved by manually removing
numerous artifacts using visible images and Tl a«ta. The frequent occurrence of
unconsolidated sediments (e.g., eolian deposits) i~ u.~ valley floors, characterized by a
lower apparent TI (Fig 2c), helped to imprav: tke delineation of the drainage network.
The mapping of the putative deltas anr. alluvial fans was challenging due to their
moderate preservation conditions. Znme of the fan-shaped deposits in the study area
lack clear proximal edges (i.e. ip.tr:am). To address this, we decided to delineate the
proximal edges of the puative deltas and alluvial fans where the ancient flows
debouching from the fliv, 2! valleys in this study became unconfined, which resulted in
the deposition of the tai-shaped accumulation. We proposed this approach in Garcia-
Arnay and Gutiérrez (2020) related to the analysis of the putative deltas in Nepenthes
Mensae.

Based on the new map, we present an updated summary table of both new and
previously published putative deltas and alluvial fans located within and in the vicinity
of the study area (see Table 1, and Figs. 3e-g and 4f). Elevation values were extracted
from the slope break between the delta plain and the delta front junction, interpreted as

the mean highstand level (e.g., Di Achille and Hynek, 2010). Several morphological



features were also described such as layering, the occurrence of lobes and stepped
profiles, or the type of watershed. All crater rims >5 km in diameter have been mapped.
Well-preserved and pervasive crater materials with rim diameter ranging between 5 and
13 km were mapped as “Crater unit — undivided”. This unit does not distinguish the
different crater-related components due to their relatively small size in comparison with
the map scale. In contrast, the preserved components (i.e., rim, wall, floor, peak, and
ejecta) of craters >13 km in rim diameter were depicted in the map. Azimuth data from
mapped landforms of interest (troughs and volcani~ i:1ges) were extracted
automatically with the “Minimum Bounding Geomreu,” tool available on “Data
Management” toolbox of ArcGIS and plotted on ro.~ diagrams with GeoRose 0.5.1
software (Yong Technology Inc.) (see Fig. 5).

Spectral analysis allows us to infer the ri.»r=¢ composition of the surface, which in
turn strengthens our interpretation on ne rigin and formation processes of the analyzed
surface units. The mineral composiuon of the surficial material of units of interest was
inferred from hyperspectral d>ta ~r@ined by the Compact Reconnaissance Imaging
Spectrometer for Mars (C’ISi, ~18-36 m/pixel) (Murchie et al., 2007), onboard
NASA’s Mars Reconnaiscarce Orbiter. The CRISM instrument is a visible to near-
infrared imaging sp.~tiumeter with a wavelength range from 0.362 to 3.92 pym. We
selected CRISM data with corrected I/F (radiance/solar irradiance) from the Targeted
Empirical Record (TER) and the Map-projected Targeted Reduced Data Record
(MTRDR). The spectral analysis was carried out using the CRISM Analysis Toolkit
(CAT, version 7.3.1), an IDL/ENVI-based software system developed by the CRISM
Science Team (Morgan et al., 2014). Spectral curves and spectral parameter maps were
obtained, respectively, from the corrected I/F, and the refined spectral summary

parameters (Viviano-Beck et al.,, 2014). We analyzed two CRISM scenes:



FRT00017610 (~18 m/pixel, ~10x10 km) and HRL0O00134F5 (~36 m/pixel, ~10x20
km) to determine the composition of surface material in two different areas with
paleoenvironmental interest. These CRISM scenes include fan-shaped deposits
previously interpreted as putative deltas, and spatially associated fluvial and volcanic
deposits (Figs. 6a and 7a). The occurrence of clay-bearing surfaces was identified on
spectral parameter maps obtained by the PHY product (D2300 -red-, D2200 -green-,
BD1900r2 -blue-) for both projected CRISM scenes following the procedure described
by Viviano-Beck et al. (2014) (see Figs. 6b and 7c). Si'~fac~s with olivine-bearing
deposits were detected from the spectral parameter mar, u."Ived from the MAF product
(OLINDEX3 -red-, LCPINDEX2 -green-, HCPINL=X2 -blue-) for the projected
CRISM scene HRLOO0134F5 (see Fig. 7b). Th~ uctection of clay- and olivine-rich
surfaces suggests, respectively, the past ex’si..ac: of water and volcanic activity in the
region. To highlight these compositic 'al "units (i.e., clay- and olivine-bearing units), we
adjusted the values displayed for each RGB channel applying stretch limits. I/F spectra
were extracted from the unproiected CRISM scene FRT00017610 and averaged from a
Region of Interest (ROI) se!>cteu for each compositional unit to obtain average spectra
(s1). In order to minimize atnospheric and dust contributions and instrument artifacts,
these average specti.. (s.) were ratioed to an average spectrum from a ROI of relatively
spectrally featureless materials (s2) extracted from the CRISM scene. The ratioed I/F
spectra (s1/s2) were compared with the CRISM and ENVI spectral libraries (Viviano-
Beck et al., 2015) (Figs. 6c¢, d) to identify minerals that best match to CRISM spectra.
Age dating of surface units was carried out following the procedure proposed by
Warner et al. (2015). Crater-counting areas for each unit of interest (Fig. 2b) and their
associated crater populations were mapped and computed using the “CraterTools”

toolset for ESRI’s ArcGIS (Kneissl et al., 2011). Depending on the spatial resolution



and noise level of the visible images available (i.e., CTX or HRISE), all primary craters
larger than 50 or 100 m in diameter (threshold values) with geometric centers within the
count area were mapped manually based on three points selected along the crater rim. In
general, we decided to exclude from our count areas the surfaces occupied by well-
preserved ejecta blankets and their superposed crater populations because they represent
the age of the impact event and postdate the target surface (Warner et al., 2015).
However, crater populations on ejecta blankets were included when it was necessary to
estimate the age of the associated impact event. To minimiz= &/ potential bias derived
from the variable cratering pattern, we selected, wher~. possible, crater-counting areas
larger than 1,000 km? (Warner et al., 2015). Crater y:7e-frequency diagrams for each
sampling area (Fig. 8) were generated using TrcterStats2 software (Michael and
Neukum, 2010) and absolute model ages v.2re derived from crater production and
chronology functions defined by Ha: ma in (2005). The age of the units (i.e., the age
range estimated for the end of u.~ir formation), as well as the final age of the
resurfacing events were estimatad .vom simple and corrected cumulative data-dependent
fits, respectively (see summ. rized age chart in Fig. 10). Assignment of the chronologic
period(s) and epoch of Mcs Michael, 2013) to each mapped unit, which is indicated in
the unit codes in cay ta ietters (see map legend in Fig. 2a), was based on both the age
estimates obtained by crater counting and their relative chronology inferred from
geometrical relationships.

The analysis of radargrams contributed to the interpretation of the subsurface
structure of the CNTZ (see Fig. 9). We selected 8 radargrams located across the CNTZ
(from West to East: S 01966502, S 02617902, S_01832001, S 02674602,
S 02596802, S 01981001, S 01846503, S_02569101) that were obtained by the Mars

Shallow Radar Sounder (SHARAD) (Seu et al., 2007), on board NASA’s Mars



Reconnaissance Orbiter. These NE-SW-oriented radargrams were analyzed with the
JMARS 5 software (ASU's Mars Space Flight Facility), which permitted us in
combination with geomorphic data to identify possible tectonic and stratigraphic
features. A surface clutter analysis was carried out to distinguish subsurface reflections
on radargrams from cross-track surface echoes, also known as “surface clutters” (e.g.,
Choudhary et al., 2016). This analysis consisted of the comparison of the radargram
with its associated simulated cluttergram. The identification of reflections on the
radargram and its related cluttergram suggests that such eci.nes are due to surface
reflections rather than subsurface returns. Geologic cross-sccuons shown in Figs. 11 and
13 summarize our interpretation of the subsurface stra.‘araphic relationships among the
units, as well as the possible tectonic structures th~t v~cur along the profiles. They were
constructed based on the information proiu:d oy radargrams, topographic data, the

geologic units, as well as the spectral ‘nalysis and formation ages of the units.

4. Results

4.1 Geology and geomnrhrlogy of the CNTZ

We have produced a detailed geological-geomorphological map of the CNTZ in
order to identify and characterize the geologic units and the geomorphic features,
establishing their spatial relationships and relative chronology (Fig. 2a). In our map we
have recognized 18 units, which have been grouped according to their geographic
distribution as follows: three units in the Cimmeria region of the highland province, two
units in the Nepenthes Mensae region of the highland-lowland transitional province,

seven impact crater units, and six spatially dispersed units. Furthermore, we have



depicted the main geomorphic features that occur within the units.

4.1.1 Description of the units

The Cimmeria region units include two Cimmeria dissected units (Nhcd, and Nhcdp)
and the Cimmeria basin unit (Nhcy) (Fig. 2a). Both Cimmeria dissected units are
characterized by rugged and heavily cratered surfaces dissected by V-shaped valley
networks (e.g., Tanaka et al., 2005, 2014; Skinner and Tan.'“a, 2018). These units
represent two well-differentiated members. Member <’ (Nhcd,) crops out in the
topographically higher portion of the highland provinc> mainly in the southwest sector
of the mapped area. It displays a higher crater dens,*v than member ‘b’, lobate scarps
with a dominant NW-SE orientation subperal el (o the dichotomy, and less frequently
ridge crests. Member ‘b’ of the Cimr eri. dissected unit (Nhcdy,) occurs in the plateau
situated south of the dichotomy esca."ment at lower elevation than member ‘a’ (Nhcd,),
and is represented by residu2! i~l'efs (e.g., mesas and knobs) in the transitional
province. This heavily disse ted wut less-cratered member exhibits deeper valleys with a
dominant NE-SW orienta..nr and a secondary NW-SE trend, the latter of which seem to
be related to the nuiaruus fracture-controlled troughs that occur in the vicinity of the
dichotomy escarpment (see Figs. 2a and 5a). Member b locally exhibits NE-SW-
oriented ridge crests in the eastern sector of the unit, and scarce occurrence of lobate
scarps with NW-SE orientation. The boundary between members ‘@’ and ‘b’ is
gradational, mainly defined by the slope break between the higher southern reliefs and

the plateau.
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Fig. 2. (a) Geologic-geomorphic map of the CNTZ showing the geologic units and the
identified morphological and tectonic features over a THEMIS-IR day mosaic. A high-

resolution version of the map is available in Supplementary Material. (b) Colorized



elevation model of the study area from HRSC-MOLA blended data over a mosaic of
THEMIS-IR day images. Red polygons represent the crater-counting areas (1 to 12)
selected for dating the main units (Fig. 8). The black line indicates the trace of the
SHARAD profile “S_02596802” (Fig. 9) and that of the geological cross-section (A-A’)
shown in Fig. 11. The black polygon depicts the area covered by the bock diagram (Fig.
13) that interprets the subsurface geology along the B-B’ profile. (c) Qualitative TI
mosaic of the study area derived from THEMIS over a mosaic of THEMIS-IR day

images.

The Cimmeria basin unit (Nhcy) corresponds to Adep.vessions of uncertain origin inset
into member ‘a’ and filled with sediments. It shows a “moother and less-cratered surface
than those of the Cimmeria dissected units, ;-ervasive wrinkle ridges, and absence of
valleys.

The Nepenthes region units comyrise the Nepenthes knobby plateau unit (Ntny,) and
the Nepenthes basin unit (HNtr-) \%?y. 2a). The Nepenthes knobby plateau unit (Ntnp)
crops out in the inter-crai'r piateau areas of Nepenthes Mensae. This moderately
cratered unit features kncohhy terrains formed by degraded residual hills carved in
materials of the u.'t vhcdp, and mass-wasted materials that form aprons around
degraded reliefs (e.g.,

Tanaka et al., 2005). The unit also displays NW-SE-oriented lobate scarps and widely
distributed eolian erosional landforms such as yardangs with a prevailing NW-SE
orientation (see detail in Fig. 3a).

The Nepenthes basin unit (HNtn,) corresponds to low-lying areas and the associated
slopes of the Nepenthes Mensae region located between mesas and knobs, as well as on

floors of ancient and highly degraded impact basins (see Fig. 1b). Depressions in



Nepenthes Mensae show lines of evidence of being enclosed paleolake basins, such as
the occurrence of putative Gilbert-type deltas and paleoshore platforms (Rivera-
Hernandez and Palucis, 2019; Garcia-Arnay and Gutiérrez, 2020). The Nepenthes basin
unit is characterized by lower crater density than unit Ntny, and relatively smooth
surfaces locally interrupted by wrinkle ridges, as well as small tholi and pitted cones
(see Fig. 3b). The boundary between units HNtn, and Ntny, is gradational.

Seven impact crater units have been differentiated on the basis of their morpho-
structural components (i.e., rim, wall, floor, peak, and -~jecta), following the
classification proposed by Skinner and Tanaka (2018). 7 n crater unit undivided (AHc,)
includes well-preserved craters with rim diameter rany.ng between 5 and 13 km and the
associated materials. This unit shows lobate ejects mcnhologies, commonly hummocky
crater floor, and scarce occurrence of centrar »e7k or pit. The rest of the impact crater
units were ascribed to moderately to nvel'-preserved impact craters with rim diameters
>13 km. The crater peak unit (Ahc ) was mapped at or next to the center of impact
craters. It is characterized by mcr.ds with irregular and grooved surfaces, and the
common presence of centre' pits. The crater floor unit (AHcs) occurs between the foot
of the crater wall and u.~ central peak, and displays smooth, near-planar surfaces.
Central peaks can be auvsent, and pits may occur in the center of the crater. The crater
wall unit (AHc,) was mapped between the crater floor and rim units. This rough, and
locally rugged unit is characterized by scarps, blocks, rockfalls and locally
discontinuous terraces. The rim crater unit (AHc,) is located along the continuous to
discontinuous crested rim. It is characterized by an inward-facing steep scarp frequently
dissected by gullies and grooves. The crater ejecta units are divided into two morpho-
facies. The crater ejecta unit—facies a (AHce,) represents the proximal deposits. It is

characterized by multiple overlapping rugged lobes with flowbands. The crater ejecta



unit—facies b (AHcey,) is the outer unit, formed by multiple overlapping smooth flow-

oriented lobes.

Pitted

cone \

Beheaded

Wind direction

w
Lower delta
deposits

y
D2

Fig. 3. CTX images illustrating remarkable geomorphic features in the study area

(locations indicated in Fig. 1a). (a) A detail of the knobby terrain that characterizes the



Nepenthes knobby plateau unit (Ntny,). Note the presence of elongated erosional
landforms with roughly parallel orientation ascribable to yardangs and wind-deflated
surfaces. (b) Putative volcanic edifices such as pitted cones. (c) Fluvial valley showing a
sharp break in the longitudinal profile (i.e., knickpoint). (d) Defeated and beheaded
channel sections separated by a lobate scarp, attributable to a surface-rupturing thrust
fault that disrupted the drainage. (e, f, g) Fan-shaped deposits attributable to putative
Gilbert-type deltas (labelled as D# in our putative delta and alluvial fan catalogue
presented in section 4.1). Other putative volcanic features s''~h >s lava fields, flows and
channels (h, i), as well as fissure vents (j, k). White anows in (j) indicate the lower
putative delta deposits of “D2” locally overlying those ot the foot of the fissure vent and
surrounding plains. (I) Barchan dune fields indizau"g a dominant southeast-directed

wind, as indicated by yellow arrows. North is ::n 'n all cases.

Six locally distributed units have been mapped. The valley unit (HNv) corresponds
to valleys carved in the Cimmerix cegion units Nhcd, and Nhcdp, and rarely in the
Nepenthes knobby plateau 'nit \Ntnyp). This unit is characterized by high-T1, smooth
deposits underlying the ticars of valley networks with dendritic or trellis pattern. Licus
Vallis, which is wne 'onyest, widest, and deepest valley in the study area, shows an
apparently poorly evolved watershed, as suggested by its convex hypsometric curve and
a very low drainage density (Garcia-Arnay et al., 2018b). Valley floors, generally
characterized by a low THEMIS TI related to the presence of eolian deposits (see Fig.
2¢), often show knickpoints (Fig. 3c) and rarely preserved incised or inverted channels.
The degree of entrenchment of the valleys increases towards the dichotomy boundary,
next to the paleolakes that controlled the position of the base level during their

development, as indicates the presence of putative Gilbert-type deltas (e.g., Garcia-



Arnay and Gutiérrez, 2020). Some valleys are locally buried by ejecta deposits or
disrupted by lobate scarps resulting in the formation of defeated and beheaded channels
sections (see Fig. 3d).

Table 1. Characteristics of the fan-shaped features (identified as D# and F# for putative
deltas and alluvial fans, respectively) recognized within and near the study area, as well
as their associated basins. The front elevation for the stepped fans corresponds to the
slope-break of the uppermost step. Features from D1 to D9 match with those referred by
Garcia-Arnay and Gutiérrez (2020). The basin type can h= cnen (O) or closed (C).

“N/A” = Not applicable.
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The fan unit (HNf), which is laterally assc-.1af2d with unit HNv, occurs at the mouth
of the valleys, generally along the for ¢ of the dichotomy. This unit corresponds to fan-
shaped deposits with generally si~noth surfaces, but sometimes corrugated due to
differential erosion on layered selirnents. Some fans show different lobes and rare
channels carved into the s''rfacz (see Fig. 3e-g, and Fig. 3 from Garcia-Arnay and
Gutiérrez (2020)). The fiunta: slope of the fans can be continuous or stepped. Due to the
paleoenvironmenta ‘ersst of unit HNf, we present an updated catalogue of fan-shaped
deposits identified within and near the study area in Table 1.

The volcanic flow unit (ANvs) shows poorly cratered, uneven, and smooth to rugged
surfaces with frequent grooves, channels (Fig. 3h), and overlapping lobes (Fig. 3i). This
unit, which is darker in THEMIS daytime IR images than the surrounding plains, occurs
in the deeper areas of the depressions of Nepenthes Mensae, and locally in the highland
province near the dichotomy. It is locally modified by NE-SW-striking wrinkle ridges,

NW-SE-aligned erosional eolian landforms such as yardangs, as well as small elongated




closed depressions. This unit locally overlies units Nhcd, and HNtn,, locally also
underlies unit HNf, and grades into unit ANve.

The volcanic edifice unit (ANve) is characterized by sloping, and rugged to smooth
surfaces with isolated and coalesced fissures (see Figs. 3j, k), as well as small cone- and
mound-shaped features (Fig. 3b). Cones and mounds often show small knobs and/or pits
at their summit. Overlapping lobes related to the volcanic flow unit (ANvs) seem to
emanate from raised fissures, cones, and mounds.

The eolian unit (Ae) often consists of dune fields that maun.!\v occur in the southern
sector of the depressions of Nepenthes Mensae, nrai the foot of the dichotomy
escarpment. This unit, which shows dark tones in CT < nanchromatic images and bright
tones in THEMIS daytime IR images, is formed Yy *ields of barchan and longitudinal
dunes indicating a dominant southeast-dirrc. d "wind (see Figs. 1b and 3k). It locally
overlies units ANvs, HNtn, and Nhcd,,

The landslide unit (ANI) usually ~ccurs associated with the ca. 2 km high dichotomy
escarpment. It is characterized v rugged, rolling, and hummocky terrains with
intervening large blocks thi: can be carved by channels (see details in the 3D image in

Fig. 12). Locally, this unic 2verlies units Nhed, and HNtny,.

4.1.2 Geomorphology

We have also mapped the main geomorphic features in the CNTZ (Fig. 2a). Two
types of scarps have been identified: lobate scarps, and those associated with the
dichotomy boundary. Lobate scarps are ridge-like, linear to sinuous landforms in
planview that display asymmetric cross profiles with convex and steep scarp faces (e.qg.,

Watters and Robinson, 1999; Skinner and Tanaka, 2018), up to ~250 m high in the



study area (Fig. 3d). These landforms mostly occur in the Cimmeria dissected units
(Nhcd, and Nhcdp) and the Nepenthes knobby plateau unit (Ntn,), showing a prevalent
NW-SE orientation with often SW-facing scarps. In some cases, lobate scarps disrupt
valleys and pre-existing crater floors (see locations at 0°48'11"S, 125°5'23"E; 0°0'25"N,
122°53'45"E and 1°29'17"S, 128°0'17"E), or appear interrupted by gaps related to
impact craters that locally obliterated them. We mapped 22 lobate scarps that range in
length from 4.5 to 103.1 km (27.7 km mean, 21.5 km median).

The dichotomy boundary displays a linear to sinuous es~arpment ca. 2 km high that
is dissected by numerous valleys, which often displas conspicuous knickpoints. This
major escarpment exhibits a dominant NW-SE orienta.in that turns to a N-S trend west
of the map and occurs in member b of the Cimmeria Jissected unit (Nhcdp). The foot of
the escarpment generally defines the contact '«t.veen the highland and transition units
throughout the CNTZ. Gullies are corimon, as well as hummocky terrains with
intervening large blocks associated to the landslide unit (ANI). We mapped 36
escarpment segments separate” by valleys with a cumulative mapped length of 751.6
km.

Four types of negative ralief features have been differentiated: valleys, channels,
elongated closed uep-assi0ns, and troughs. Valleys are networks of V-shaped, elongate,
steep-walled depressions with linear to sinuous trace and dendritic to trellis pattern (Fig.
4a, b). Valley networks often exhibit a pattern apparently controlled by lobate scarps,
ridge crests and troughs. Some valleys disrupted by lobate scarps show evidence of later
adaptation to these landforms, such as deflections. Their associated deposits comprise
the valley unit (HNv) (see section 4.1.1). We mapped 32 valley networks within the
map region that range in planimetric area from 6.9 to 2,400.7 km? (324.5 km? mean).

Channels are elongate, narrow, and shallow depressions with linear to sinuous trace



that occur in the valley floors and join in the downslope direction (e.g., Sharp and
Malin, 1975) (see Fig. 4a, b). Channels associated to the valley unit (HNv) mostly occur
in the Cimmeria dissected units (Nhcd, and Nhcdy), and rarely in the Nepenthes knobby
plateau unit (Ntny,). They locally display positive relief sections forming channel ridges
related to relief inversion by differential erosion. Watersheds in the CNTZ are
characterized by streams of up to fourth order using the Strahler’s classification
(Strahler, 1952), such as that of Licus Vallis (e.g., Garcia-Arnay et al., 2018b). The
channel network in the vicinity of the dichotomy tends to <hou.r a rectangular pattern,
with channel sections following a dominant NE-SW ucra and a secondary NW-SE
orientation, probably controlled by fractures. We ha .2 mapped 248 channels in the
study area ranging in length from 0.07 to 143.6 kn~ (.= 1 km mean, 10.3 km median).

Elongated closed depressions are depras. ars that commonly exhibit well-defined
scarped boundaries (e.g., Parenti et (., ~020) (see Fig. 4c). These landforms locally
occur in the volcanic flow unit (AN, display major axes ranging from 10s to ~700 m,
and a prevalent NW-SE trend that coincides with that of nearby yardangs, dunes, and
wind streaks. Some of the:» depressions frequently display sharper and steeper NW
margins, whereas the SE ~djes show gentler slopes, with poorly defined boundaries,
which is also obse: ‘eu In depressions produced by deflation (e.g., blowouts). The
current wind regime, acting more intensively on their SE side, has probably caused
reshaping and enlargement of the depressions, and eventually leading to their
coalescence.

Troughs are rectilinear or slightly arcuate steep-walled depressions with maximum
depths and widths of 1 and 7 km, respectively. These landforms are located along the
northern Terra Cimmeria in the vicinity of the dichotomy escarpment, mainly cut into

member b of the Cimmeria dissected unit (Nhcdp) and into residual reliefs of this unit in



Nepenthes Mensae to form fretted valleys (see Fig. 5a). Troughs show a dominant NW-
SE orientation and a secondary NE-SW trend, forming a distinctive polygonal pattern
(Fig. 5b). We identified and mapped 72 troughs that range in length from 4.0 to 49.4 km
(17.4 km mean, 13.7 km median).

Four types of ridges were mapped: wrinkle ridges, ridge crests, inverted channels,
and volcanic ridges (Fig. 2a). Wrinkle ridges are linear to curvilinear ridges with
asymmetric transverse profile, whose crests are characterized by complex crenulations
colloquially called “wrinkles” (e.g., Watters, 1988) (see Fig. 4d). In our map these
landforms display two dominant orientations: a NW-S- «.2nd that occurs in the plains
of the basin units of the Cimmeria and Nepenu=s regions (Nhcp, and HNtn,
respectively), and a NE-SW orientation within the “‘olcanic flow unit (ANvs). These
crenulated ridges, which generally rise u. tr ~50 m above surrounding plains,
commonly show the maximum widt" ir the middle section. We mapped 18 wrinkle

ridges ranging in length from 5.3 to 25.2 km (13.3 km mean, 9.4 km median).




Fig. 4. CTX images illustrating remarkable ridges and negative relief features in the
study area (locations indicated in Fig. 1a). (a, b) Inner channels within ancient valleys,
as indicated by white arrows. Blue arrows indicate the paleoflow of the inner channel.
(c) Elongated closed depressions exhibiting well-defined scarped boundaries (red
arrows). (d) NW-SE-oriented wrinkle ridge, as shown by white arrows, occurring in the
plains of the basin unit of the Nepenthes region (unit HNtn,). (e) Ridge crests with a
dominant NE-SW orientation, as indicated by yellow arrows, forming a conspicuous
swarm with subparallel pattern. (f) Fan-shaped deposits auwributable to a putative
alluvial fan (labelled as F# in our putative delta and al’uv.?I tan catalogue presented in
section 4.1) exhibiting a possible inverted channel i~ sinuous pattern in planview, as

shown by white arrows. North is up in all cases.

Ridge crests, also called high-reli f riiges, are characterized by a near symmetrical
transverse profile and higher relier than the wrinkle ridges (e.g., Watters et al., 2009)
(see Fig. 4e). These features mnst.\/ occur in the Cimmeria dissected units (Nhcd, and
Nhcdy,) displaying lateral cctinuity across them. Although orientations vary across the
map, ridge crests exhihic a dominant NE-SW orientation, and a secondary NW-SE
strike. The conspicults swarm with subparallel pattern east of the map (around -1°N,
127°E; see Fig. 4e) is interrupted at an ancient and degraded impact crater 60 km in
diameter, indicating an older age for the ridges (see Fig. 2a). We have mapped 28 ridge
crests that range in length from 1.5 to 86.3 km (16.6 km mean, 11.5 km median).

Channel ridges related to relief inversion, commonly known as “inverted channels”,
are characterized by ridges with sinuous pattern in planview (e.g., Burr et al., 2010;
Hayden et al., 2019; Clarke et al., 2020; Dickson et al., 2021) (see Fig. 4f). In the map

region we have identified sinuous ridges up to 3.8 km in length associated with the fan



unit (HNf) that occurs in the eastern sector of the map area, specifically on the fan-
shaped deposit F10 (see Table 1 and Fig. 4f).

Volcanic ridges correspond to raised fissure vents that occur in the volcanic edifice
unit (ANve). These linear to curvilinear ridges reach up to ~600 m in local relief, exhibit
pits and/or elongated depressions at the top, and smooth to rugged slopes carved by
grooves and gullies (see Fig. 3j, k, and Fig. 5c). The orientation of the volcanic ridges
shows a rather scattered distribution, with weak NW-SE and NE-SW prevalent trends
(Fig. 5d). We have mapped 21 volcanic ridges ranging in 'eny*h from 1.1 to 12.5 km

(4.4 km mean, 3.8 km median).
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Fig. 5. (a, ¢) Examples of troughs and volcanic ridges, respectively (CTX image

mosaic; North is up) ‘., d) Rose diagrams showing the distribution of the orientation of
troughs and volcanic ridges, respectively. Note that the orientation of volcanic ridges
displays higher dispersion than the troughs. Their higher dispersion may be partially due

to the lower number of features (n).

Two types of cone- and mound-shaped landforms were identified within the
volcanic edifice unit (ANv,): pitted cones and small tholi. Pitted cones are conical hills

with circular outline in planview and smooth slopes that exhibit a central pit in their



summit (e.g., Skinner and Tanaka, 2018) (see Fig. 3b). These landforms occur either
isolated or aligned, mainly associated with the volcanic flow unit (ANvs), and less
commonly in the Nepenthes knobby plateau and Nepenthes basin units (Ntny, and
HNtny, respectively). We have identified and mapped 47 pitted cones within the study

area, ranging in diameter from 200 m to 1.2 km.

Small tholi are mounds with subtle slopes bounded by marginal scarps, and often
showing central peaks (e.g., Skinner and Tanaka, 2018). Th~se mounds of up to 2.7 km
in diameter are frequently isolated, but in some case, 1orm clusters. They generally
occur associated with the volcanic flow unit (ANv=) «~d rarely in the Nepenthes basin

unit (HNtn,). We mapped 30 small tholi in the man reion.

4.2 Mineral composition of units of alroenvironmental interest

The spectral analysis of the CR:SM scenes FRT00017610 (~18 m/pixel, ~10x10
km) and HRLO00134F5 { 36 m/pixel, ~10x20 km) was carried out in order to
determine the compositio. o/ the surface material in two different areas of the CNTZ
with paleoenvironmectas Interest. These CRISM observations (Figs. 6a and 7a) include
fan-shaped deposits, and spatially associated distal fan deposits and surrounding plains
(see locations in Fig 1). The layered fan-shaped deposits (unit HNf) shown in Fig. 6a
occur within the landform identified as “D2” in Table 1. It is in the western sector of the
study area at the mouth of a canyon-type valley and was interpreted as a putative delta
for the first time by Irwin et al. (2005), displaying a stepped morphology (upper and
lower fan). The PHY spectral parameter map (Fig. 6b) suggests the presence of two

clay-bearing compositional units in the lower fan deposits: (1) laterally continuous



patches of hydrated Fe/Mg-phyllosilicates occurring at different stratigraphic levels,
which are the most common hydrated minerals on Mars (Carter et al., 2013); and (2)
smaller isolated patches of hydrated Al-smectites and/or hydrated silica, shown by pink-
and cyan-colored pixels, respectively (Fig. 6b). Aluminum smectites and/or hydrated
silica occur in light-toned layered materials, as revealed by the HIRISE image
ESP_016547_1820 (close-up view in Fig. 6a). The ratioed I/F spectra (i.e., s1/s2) for
both inferred compositional units reveal two sharp absorption bands at ~1.5 and ~2.0
um, probably related to the occurrence of crystalline water ‘ce ~n the surface or in the
atmosphere (e.g., Brown et al., 2010; Cull et al., 2010; v, 1ano-Beck et al., 2014). The
ratioed spectra also show a subtler absorption band ~t ~1.4 pum, probably related to
structural H,O and OH. In contrast, the ~1.9 um avoorption band related to structural
H.O is probably masked by the bandwid*h scociated with the water-ice absorption
band at ~2.0 um (see Fig. 6¢, d). Turt'.ermore, these ratioed spectra exhibit subtler
absorption bands at ~2.31 and ~2.5> um (Fig. 6¢), and at ~2.2 um (Fig. 6d) related to
Fe/Mg- and Al/Si-OH bonds, resgrively (Ehlmann et al., 2009; Viviano-Beck et al.,
2014). These absorption bcnds, iogether with those related to OH/H,O bonds, allow

inferring  the  occunonse  of  hydrated  Fe/Mg  phyllosilicates  (Fig.



@ CRISM MTRDR - PHY product

@ CRISM MTRDR - True color product

T

?
?

CRISM ratioed I/F (offset for clarity)
(Awe|> 104 39540) 4/| pa01IeL NSIHD

s2
L - NP NANA A
: U T W1 ! | "
' i 1 S : | |
[ : g 1 E L I : -
= f f : f — : T B f f : f f f
. 1 | o i K L i | | 1 e~
2 : i 0 i ) 1
s : : 1B ! : : =
S P b sponie NE T BN s : 18
b i (LASASY) '~ | BB : _— : 2
é i % A - /[ Montmorillonite | . ! 3
c [ ' ’ ] ! (C2JB14) ' ! 2
S L V . | | . 2
g L Wi ! 1R | | ! E
E £ ! Nontroni.e \; 1 ] ! | ! 2
CF Y (e ! N 1 [l Opal ! ! g
o L U | 1 i | | ! =R
@ 0 . i G ! (TM8896 i | &
> | 1 ! W1R1Ba | ! >
S I i ] R R I AREF) ' o
© ! | | 1 1 | | —_
g [loHH] [Ho Fe/MgOH] |  [[OH+H,0] WO [A-OH 2
i | L ! ! 1 ' r ! I ! -
C 1 : L 1 : 1 1 : :I = !: 1 N I: 1 =
14 16 1.8 20 22 24 14 16 1.8 20 22 24

Wavelength (um) Wavelength (um)

Fig. 6. () True color product of the CRISM map-projected scene “FRT00017610” (see
location in Fig. 1a). The close-up view shows a detail of the light-toned surfaces
associated with the lower fan environment (HIRISE image ESP_016547 1820). (b)
Phyllosilicate spectral parameter map (PHY product) generated for the same scene. Pink

and cyan tones indicate the presence of hydrated Fe/Mg-smectites, and hydrated Al-



smectites/hydrated silica, respectively. (c, d) CRISM ratioed I/F spectra (i.e., s1/s2) for
hydrated Fe/Mg-smectites and hydrated Al-smectites/hydrated silica (above), compared
to laboratory spectra (below). Vertical dashed lines indicate diagnostic absorption band
depths, and blue and grey bands represent bandwidths for OH/H,0, as well as Fe/Mg-

OH and Al/Si-OH, respectively.

6¢), hydrated Al-rich smectites and/or hydrated silica (Fig. 6d), as well as crystalline
H.O ice on the surface or in the atmosphere. Accordinchv. (he observed diagnostic
features can be consistent with the presence of sepu.ite (Mg-rich smectite) and
nontronite (Fe-rich smectite) in the Fe/Mg-smectite u.,it, and montmorillonite (Al-rich
smectite) and/or opal (hydrated silica) in the A smectite/hydrated silica unit, as
indicated by the comparison between thco ratioed spectra and those from the

CRISM/ENVI spectral library (Viviar n-Back et al., 2015).
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Fig. 7. (a) True color product of the CRISM map-projected scene “HRLO00134F5” (see



location in Fig. 1a). The black-lined polygon indicates the area covered by the block
diagram shown in Fig. 13, which shows an interpretation for the subsurface geology
along the B-B’ profile. (b, ¢) Mafic mineralogy and phyllosilicate spectral parameter
maps (MAF and PHY products, respectively) for the same scene. Note the spatial
association between clay- and olivine-bearing deposits around the distal fan

environment.

The fan-shaped deposits shown in Fig. 7a, labelled as “™1." in Table 1, are located
at the mouth of a short valley (see details in Fig. 3f;. The MAF and PHY spectral
parameter maps indicate, respectively, extensive nh.ine-bearing deposits associated
with the barchan dune field of the unit Ae (Fig rc). and patches of ferromagnesian
phyllosilicates occurring along the distal “a. dzposits (unit HNf) with undetermined
hydrated minerals (Fig. 7c). Cartoc apt.ic relationships indicate that the distal fan
deposits overlay the surrounding p:~ins that form part of unit ANv;, and are locally

covered by the olivine-rich darlk duaes.

4.3 Estimation of surface ares

The analysis of the crater size- frequency distribution (SFD) was performed in 12
counting areas representing the main map units, in order to obtain their model age (Fig.
8). We selected, where possible, crater-counting areas larger than 1,000 km? to
minimize the impact of the local pattern variations in cratering (e.g., Warner et al.,
2015). For clarity, the units have been grouped by regions and/or according to their
spatial distribution, and ages have been ordered from older to younger.

In the Cimmeria region, we obtained average age estimates (red fit lines) of 4.00 =



0.04/0.06 Ga (Early to Middle Noachian), and 3.89 + 0.03/0.04 Ga (Middle Noachian)
for the Cimmeria dissected units Nhcd, and Nhcdy, respectively, as well as 3.62 +
0.02/0.02 Ga (Late Noachian) for the Cimmeria basin unit (Nhcy), considering counting
areas of ~4,600, ~1,800 and ~790 km?, respectively (Fig. 8a-c). In these diagrams we
identified several kinks that suggest resurfacing events affecting to km-sized and
smaller craters (blue and green fit lines), such as the large kink that occurs in the SFD
shown in Fig. 8a at D <3 km, with a resulting average age of the resurfacing event of
3.36 + 0.02/0.02 Ga (Late Hesperian).

In the Nepenthes region, we estimated surface agrs «* 3.76 = 0.03/0.04 Ga (Late
Noachian) and 3.63 + 0.05/0.08 Ga (Late Noarhi.n to Early Hesperian) for the
Nepenthes knobby plateau unit (Ntny,) and the Ncpenthes basin unit (HNtnp), with
counting areas of ~1,200 and ~2,400 km?, rzs,. »ct.vely (Fig. 8d, e).

Among the spatially dispersed units, wr estimated the surface ages for the fan unit
(HNf), the volcanic flow unit (AN.), and the landslide unit (ANI). For the fan unit
(HNf), we selected three counrting =/eas located in the largest fan-shaped deposits to
reduce the potential impact ~f: (1) the spatial variability in cratering processes; and (2)
the exclusion of larger c.i~ters associated with smaller counting areas (Warner et al.,
2015). Thus, we on:rined average ages of 3.64 + 0.04/0.07 Ga (Late Noachian) for
putative delta “D7” (see Table 1), and 3.63 + 0.10/0.31 Ga (Late Noachian to Late
Hesperian; lower fan) and 1.99 + 0.36/0.36 Ga (Early Amazonian; upper fan) for
putative delta “D2” (Fig. 8g-i), with counting areas of ~85.4, ~53, and ~41.1 km?,
respectively. For the volcanic flow unit (ANvy), a fit to the D >450 m crater population
provided an age estimate of 1.83 + 0.17/0.17 Ga (Early Amazonian) (Fig. 8f),
considering a counting area of ~9,000 km?. Finally, we considered two counting areas

for the landslide unit (ANI) of ~318 and ~314
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Fig. 8. (a-1) Cumulative crater size-frequency diagrams constructed for estimating the
age of the main surface units (above) and corresponding crater-counting areas from 1 to

12 (below) (see locations in Fig. 2b). Age models show simple cumulative fits for the



formation ages (red fit lines) and corrected cumulative fits for the resurfacing events
(blue and green fit lines). The grey shadow bands denote the time boundaries between
Martian geological epochs according to Michael (2013). “D” and “Craters” refer to the
minimum crater diameter and the number of counted craters considered for each

counting area, respectively.

km?, with average age estimates of 1.01 + 0.33/0.33 Ga (Early to Middle Amazonian)
and 0.80 £ 0.17/0.17 Ga (Middle Amazonian), respectively /Eiy. 8j, k).

To obtain a minimum age estimate for the cessatic. ¥ Tiuvial activity in the main
valley of Licus Vallis, we analyzed the crater size- ticuency distribution of the crater
population developed on the ejecta deposits of thz it AHce, overlapping the valley.
These deposits are related to an impact cratzr 77 '\m in diameter formed near the middle
course of Licus Vallis, with no evider ce r.f reworking by fluvial activity. The fit for the
D >0.3 km crater population proviae: an estimated age (minimum for fluvial
activity) of 3.39 + 0.05/0.07 G= (E=r.y to Late Hesperian), considering a counting area

of ~860 km? (Fig. 8l).

4.4 Subsurface feaw ves

To infer possible subsurface structural and stratigraphic features and relationships,
we analyzed eight NE-SW-oriented SHARAD ground-penetrating radar profiles
acquired across the CNTZ (from west to east: S 01966502, S 02617902, S_01832001,
S_02674602, S 02596802, S_01981001, S_01846503, S_02569101). In all these
radargrams we have identified potential subsurface radar reflections related to dielectric

discontinuities in the subsurface attributable to stratigraphic contacts and fractures with



or without shear displacement (e.g., Seu et al., 2007; Castaldo et al., 2017). Here, we
illustrate the radargram “S 02596802” because of its representativeness, clarity, and
significance, as well as its related simulated cluttergram in order to identify surface
echoes (Fig. 9a, b; location in Fig. 2b). The radargram “S 02596802 (Fig. 9a) exhibits,
from SW to NE, the following potential subsurface reflective areas indicated by bright
sectors (see yellow arrows in Fig. 9a), and numbered from 1 to 5: (1) possible
subparallel, closely-spaced returns occurring in deposits of the Cimmeria basin unit
(Nhcy) that fill depressions inset into the Cimmeria dissected u.'t (Nhcd,), and are also
recognized in the radargram “S 02674602”; (2) pos.’hie spatially-dispersed and
subparallel reflections reaching a depth of ~3.5 km ac, ~ss the Cimmeria dissected units
(Nhcd, and Nhcdy); (3) large detached and dovnu:apped block associated with the
dichotomy escarpment with potential backtih: 1 reflections; other large detached blocks
(i.e., mesas) with apparently deep fra: furss (e.g., clefts, gashes) (see Fig. 5a) have been
recognized in the radargrams . 01846503” and “S 01981001”; (4) probable
reflections with an overall concave vyward geometry, apparently filling a fault-bounded
basin ca. 1 km deep with ti*anguiar transverse geometry at the foot of the escarpment;
and (5) potential disconutous concave and convex returns up to depths of 1.5 km
across the Nepenune: basin and knobby plateau units (HNtn, and Ntny,, respectively),
beneath an overall rollover topography sloping toward the escarpment. However, the
simulated cluttergram related to “S 02596802 (Fig. 9b) suggests that the potential
subsurface returns described in areas (1), (2) and (3) are likely caused by surface
echoes, as indicated by red arrows in Fig. 9b.

Steeply dipping discontinuities expressed as dark narrow bands in the radargram

“S 02596802 (see white arrows in Fig. 9a) attributable to fractures and faults locally
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Fig. 9. (a) SHARAD radargram “S 02596802 (see location in Fig. 2b) exhibiting
potential subsurface features marked by white and yellow arrows attributable to
structural and stratigraphic features, respectively. (b) Simulated cluttergram
distinguishing potential subsurface features shown in (a) from surface echoes, as
indicated by blue and red arrows, respectively. (¢) HRSC/MOLA blended DEM and (d)

mapped geologic units, both over a THEMIS-IR day mosaic, showing the topography



and geology of the area around the SHARAD profile, respectively. A-A’ represents the
trace of the radargram and that corresponding to the geological cross section shown in

Fig. 11.

truncate the potential reflections described above (i.e., stratigraphic contacts). In the
Cimmeria region and at the foot of the escarpment these possible fractures and faults dip
consistently to the NE and occur associated with down-to-the north topographic drops
and troughs. In contrast, the dark, narrow band with a NE u.n beneath a significant
trough in area (3) is likely caused by surface echoes reuic: than subsurface returns due
to the presence of a large fracture or fault, as shov.n in Fig. 9b. In the Nepenthes
Mensae region they show an antithetic attitude, ~nu together with the discontinuity at
the foot of the escarpment mark the lateral b nr.aries of the sediment-filled basin with
triangular section that has been als:, observed in radargrams “S 025691017,

“S 019810017, “S 026746027, “S ¢1832001”, “S 01966502 and, “S 02617902

5. Discussion

The detailed ina,niy and description of the geology and geomorphology of the
CNTZ (Figs. 2-5), together with the spectrally-inferred mineral composition (Figs. 6
and 7), the surface chronology based on both crater-density analysis (Fig. 8) and spatial
relationships, and the stratigraphic and structural features interpreted in the radar-
sounding data (Fig. 9), have permitted us to: (1) interpret the mapped units and
landforms focusing on their formative processes; (2) establish their stratigraphy and
correlate them with those of previous geological maps; and (3) propose hypotheses

about the landscape evolution and geological history of the area.



5.1 Unit interpretation, stratigraphy and correlation

The Cimmeria dissected units (Nhcd, and Nhcdy) consist of heavily to moderately
degraded highland materials, possibly formed by undifferentiated materials related to
impact, volcanic, fluvial, and basin-fill processes. The stratigraphically lower unit
Nhcd,, Early to Middle Noachian in age (see summarized age chart in Fig. 10), is
affected by locally- and regionally distributed compressional tectonic morpho-
structures, as indicated by the occurrence of ridge crests viu. local distribution, and
widespread lobate scarps that indicate a prevalent N=-CWw shortening direction sub
perpendicular to the dichotomy escarpment. Ridge cicsts and lobate scarps have been
interpreted as the geomorphic expression of thruct v~ reverse faults (e.g., Watters and
Robinson, 1999; Watters et al., 2009). The re.atively younger unit Nhcd, (Middle
Noachian) (Fig. 10), locally affected ny compressional lobate scarps and ridge crests,
displays plateaus, mesas, and knowu: along the highland-lowland boundary, probably
related to crustal extension ard l>rye slope movements (see Figs. 11 and 12). This
interpretation is supported v (1) possible radar-inferred NE-dipping normal faults in
the Cimmeria region and .* t"ie foot of the escarpment, that occur associated with down-
to-the-northeast tupu rapnic drops and troughs along the dichotomy boundary (Fig. 9a,
b); and (2) large detached coherent blocks of Cimmeria that match with arcuate scars in
the escarpment, attributable to rock spreads. Both units Nhcd, and Nhcd, are integrated
in the Middle Noachian highland unit (mNh) defined by Tanaka et al. (2014) in the last
global-scale geologic map of Mars. Furthermore, we consider that the Cimmeria 1 unit
(Nhcy; Early to Middle Noachian) defined by Skinner and Tanaka (2018) in the

Nepenthes Planum region, northwest of our
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age estimations, as well as their error bars (vertical v'ack lines) obtained for the main
mapped units from the cumulative crater size-frecuc'cy diagrams constructed for each
crater-counting area (Fig. 8) using the Ha“msnn chronology approach. Horizontal
continuous and dashed lines indicats the boundaries between the Martian geological
periods and epochs, respectively (v fichael, 2013). The top of the diagram shows the
geologic unit corresponding tn each sampling area. Note that the colors of boxes
indicating the ages in this d:-gra: a1 coincide with those shown in Fig. 8. N: Noachian; H:

Hesperian.

study area, probably correlates with our unit Nhcdy, due to their similar characteristics,
age and topographic occurrence. The division of the Cimmeria region in the CNTZ into
two units of different ages was also considered by Scott and Carr (1978) and King
(1978) in their global and Mare Tyrrhenum quadrangle geologic maps. They defined for
the Cimmeria lower and upper units two Noachian units of hilly and crater material
(Nhc), and crater plateau material (Nplc), respectively, characterized by different degree

of roughness in their inter-crater surfaces (Scott and Carr, 1978).



The Cimmeria basin unit (Nhcy), Late Noachian in age (Fig. 10), consists of slightly
to moderately degraded surfaces, underlain by undifferentiated materials probably
corresponding to fluvial sediments and impact breccias that fill depressions inset into
unit Nhcd,. These formations are tectonically contracted as indicated by the presence of
wrinkle ridges ascribed to thrust faults (e.g., Andrews-Hanna, 2020). This unit probably
correlates with the Late Noachian highland unit (INh) of Tanaka et al. (2014).

The Nepenthes knobby plateau unit (Ntny,; Late Noachian) (Fig. 10) is underlain by
deposits including an undifferentiated combination of imygact breccias, volcanic
products, and mass-wasted materials that form aprors cround degraded mesas and
knobs of highland rocks of the unit Nhcdp. 1.2 unit displays radar-inferred
discontinuous layering reaching depths of 1.5 krm wLoneath the downthrown limb of a
rollover anticline with topographic expiission sloping toward the dichotomy
escarpment (Figs. 9a, b and 11). Thi beding fold suggests a listric geometry for the
master normal fault that controls w2 dichotomy escarpment. The Nepenthes knobby
plateau unit shows evidence tf ~cmpressional tectonics with a dominant NE-SW
shortening trend, similar to “hat vxhibited by member a of the Cimmeria dissected unit
(Nhcd,), suggesting a co.2mon and coetaneous origin for the deformation structures.
The unit Ntny, overn>s inember b of the Cimmeria dissected unit (Nhcdy), as inferred by
the occurrence of relict reliefs (e.g., mesas and knobs) of the unit Nhcdy, that crop out as
inliers north of the dichotomy escarpment, and locally underlies the Nepenthes basin
unit (HNtny).

The Nepenthes basin unit (HNtn,; Late Noachian to Early Hesperian), locally
showing compressional morpho-structures such as wrinkle ridges, displays pristine to
degraded aggradational plains underlain by fluvial, lacustrine and/or mass-wasting

deposits. These basins correspond to the belt of interconnected NW-SE-trending closed



depressions at the foot of the dichotomy escarpment in Nepenthes Mensae that used to
host putative paleolakes (e.g., Garcia-Arnay and Gutiérrez, 2020) (see Fig. 1b). These
depressions are inset into member b of the Cimmeria dissected unit (Nhcdp). This unit
shows subsurface reflections in the radargrams interpreted as layered deposits with an
overall synformal geometry that fill a basin ca. 1 km deep. The basin fill at the foot of
the escarpment displays a triangular cross-sectional geometry apparently bounded by
synthetic and antithetic normal faults. This structure seems to correspond to a keystone
graben associated with the master fault of a larger half-gr=he,. morpho-structure with
rollover anticline (Figs. 9a, b and 11). In contrast, the 'saz'ns of the unit HNtn, located
to the northeast of our map are probably the restilv ~f the coalescence of degraded
impact craters as indicated by their sub-circuler shape in plan view, and partially
preserved knobby rims (see Fig. 2a). Thes~ .0 mapped units (Ntn,, and HNtn,) were
integrated into the Hesperian and P nacaian transition unit (HNt) by Tanaka et al.
(2014), as well as in the Nepenu.~s Mensae unit (HNn; Early Noachian to Early
Hesperian) defined by Tanaka 2t a. /2005) in their geologic map of the northern plains
of Mars. In the region of [ epenihes Planum, Skinner and Tanaka (2018) defined the
Cimmeria 2 unit (Nhc»" 1'iddle to Late Noachian) and Cimmeria 3 unit (HNhcs; Late
Noachian to Early r:~sperian) that possibly correlate with our mapped units Ntny, and
HNtn,, respectively, as suggest their similar characteristics, stratigraphic position and
chronology. Tanaka et al. (1992b) defined in their geologic map of the Elysium region
the undivided material unit HNu (Noachian to Early Hesperian) and the smooth-plains
material unit Aps (Early Amazonian), that also correlate with our mapped units Ntny
and HNtny, respectively. The unit Aps defined by Tanaka et al. (1992b) shows poorly
constrained spatial boundaries and chronology, with a remarkable younger age than the

age estimations obtained for those surfaces by Skinner and Tanaka (2018) and in this



work.
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Fig. 11. Geological cross-section A-A’ (s.~ iocation in Fig. 2b) illustrating our
interpretation of the subsurface stratigrarnic and structural relationships in the CNTZ.
This schematic cross-section has bee.> constructed based on the information provided by
the radargram profile “S_025¢48(>" shown in Fig. 9, topographic and chronological
data, as well as cross-cutti.a and superposition relationships among geologic units.

Colors coincide with thnse ~ the geologic units shown in Fig. 2a.

The fan unit (HNf), Late Noachian to Late Hesperian in age (Fig. 10), corresponds
to the fan-shaped deposits interpreted as putative Gilbert-type deltas and alluvial fans
(e.g., Rivera-Hernandez and Palucis, 2019; Garcia-Arnay and Gutiérrez, 2020). These
water-laid deposits show spectrally inferred hydrated clay- and silica-bearing layered
sediments (Figs. 6 and 7) in the putative deltas “D2” and “D11” (see Table 1). The
spectra of the hydrated Fe/Mg-phyllosilicates and hydrated Al-phyllosilicates/silica are,

respectively, consistent with an intermediate composition between endmember



smectites saponite and nontronite, and between opal and the endmember smectite
montmorillonite (Fig. 6¢, d). The detection of hydrated minerals together with the
morpho-sedimentary environment supports the presence of liquid water in the past (e.g.,
Poulet et al., 2005). Their high paleoenvironmental interest is also related to the
relatively rapid aggradation rate that characterizes these sedimentary environments,
favoring the preservation of potentially existing organic matter (e.g., Ehlmann et al.,
2008; Summons et al., 2011).

To estimate the chronology of this unit, we selected the t~o Iargest putative deltas in
the CNTZ (i.e., “D2” and “D7”, Table 1). The areas of ui."e tan-shaped deposits (<100
km?) are significantly smaller than 1,000 km?, which > the minimum threshold area for
confidently assessing the age of a surface acccran~a to Warner et al. (2015). This
implies that age estimations obtained for *hc e surfaces may be affected to a greater
extent by the spatial variability of cra erirg processes, as well as the exclusion of larger
craters resulting in lower crater coui.:s (i.e., potential age underestimation). We obtained
a surface age of 1.99 + 0.36/0.25 Ca (Early Amazonian) for the upper fan of “D2”, that
represents the smaller putai: /e aclta area (~41.1 km?). The upper fan partially overlies
the lower fan of “D2” stiygeciing that the former is younger. In fact, its formation age is
significantly yourge: than that estimated for the lower fan of “D2” (3.63 + 0.10/0.31
Ga; Late Noachian to Late Hesperian). In contrast, the age estimated for the lower fan
of “D2” is consistent with that estimated for the putative delta “D7” (3.64 + 0.04/0.07
Ga; Late Noachian). Both ages agree with the period of intense and widespread fluvial
activity on Mars (e.g., Irwin 111 et al., 2005; Carr, 2012), and also fit with that estimated
for the Nepenthes basin unit (HNtn,) (3.63 £ 0.05/0.08 Ga; Late Noachian to Early
Hesperian), probably filled by coeval deposits related to fluvial and lacustrine

processes.



Additionally, we obtained a minimum age estimate of 3.39 + 0.05/0.07 Ga (Early to
Late Hesperian) (Fig. 10) for the cessation of fluvial activity in Licus Vallis, the main
watershed in the CNTZ. This age estimation is also compatible with the older ages
obtained for the putative deltas “D7” and “D2” (lower fan), and the Nepenthes basin
unit (HNtn,). Based on these results, we assigned an age of Late Noachian to Late
Hesperian to the valley unit (HNv).

Garcia-Arnay and Gutiérrez (2020) obtained a formation age of 3.88 + 0.06/0.12 Ga
(Middle Noachian to Late Noachian) for the putative d-~lta “D7”, using the same
approach as the one applied in the present work (the Ha:u:.~nn chronology), but without
establishing a minimum crater diameter (i.e., 2l ~rimary craters observed were
counted). The formation age obtained by Garcia- Aiay and Gutiérrez (2020) is older
than that estimated in this work (3.64 + 0.94/)C7 Ga; Late Noachian). The difference
between the closest extremes of the 1-cigma standard deviation error bars for each
formation age is only 80 Ma (3.76 v. 3.68 Ga, respectively). We interpret that this non-
significant age difference is m=in.\» due to exclusion in this work of the craters with
diameters lower than the ccsideced threshold value (50 m), as well as the inclusion of
the putative delta front (i.-ozr counting area) potentially affected by erosion and slope
instability processes (esurfacing).

In summary, the chronological analysis indicates that (1) fluvial-lacustrine processes
mainly occurred in the CNTZ from Late Noachian to Late Hesperian; (2) the higher
impact of the spatial variability of cratering processes in smaller areas, as well as the
minimum crater diameter considered in the computation (50 m) may have led to
underestimated ages for the putative deltas; and (3) the formation age obtained for the
upper fan of “D2”, which overlies the lower fan (e.g., de Pablo and Pacifici, 2008), does

not seem to be consistent with a period of intense fluvial activity during the Early



Amazonian (~2 Ga), but seems to be related to the small size of the analyzed area and
possible resurfacing events affecting its crater population.

The volcanic flow unit (ANvy) consists of high-TI plains most probably formed by
lava fields, as indicated by the following lines of evidence: (1) frequent grooves and
channels, as well as overlapping lobes often emanating from isolated and coalesced
raised fissures, pitted cones and small tholi of the unit ANve, interpreted as different
types of volcanic edifices genetically linked to the unit ANvg, and thus, with an
analogous age (see Fig. 3b and h-k); (2) extensive olivine-hea ing deposits associated
with barchan dune fields (unit Ae) that occur along the sucthern edges of the unit ANv
(see Figs. 3l and 7); and (3) it generally occurs in the deepest areas of the depressions
likely related to subsidence processes within an extei.~ional tectonic environment (Figs.
11 and 13). The localized deformation cf “aic unit by wrinkle ridges is probably
associated with thermal contraction ¢’ cor.ling lava flows. We obtained for the volcanic
flow unit an age estimate of 1.2 + 0.17/0.17 Ga (Early Amazonian) (Fig. 10).
However, we have corrected it> formation age based on more robust relative
chronologies based on geor. atrical relationships (e.g., cross-cutting and superposition).
The deposits corresponnn.™ #3 the lower fan of “D2” (unit HNf; Late Noachian to Late
Hesperian) locally ¢ *eiue the volcanic flow and volcanic edifice units (see details in
Fig. 3j). We thus consider that the minimum age for the formation of the volcanic flow
unit should be at least as old as that of the unit HNf (i.e., Late Noachian). The relatively
young formation age obtained by crater counting for the unit ANv; may be attributed to
the obliteration of old craters because of the eolian erosion and/or locally younger
volcanic activity. Garcia-Arnay and Gutiérrez (2020) obtained a surface age of 3.71 +
0.08/0.21 Ga (Late Noachian to Early Hesperian) for the low-lying terrains located east

of the counting area “6” applying the same dating approach (i.e., the Hartmann



chronology), but without considering any minimum crater diameter. This age fits with
our minimum age estimate for the formation of the volcanic flow unit (Late Noachian).
However, the counting area considered by Garcia-Arnay and Gutiérrez (2020) also
included zones corresponding to other geologic units and, as a result, the obtained age is

not a reliable estimate for the volcanic flow unit.

Fig. 12. 3D oblique view ot *wo large landslides (ANI unit) occurring along the

dichotomy escarpment i». the CNTZ (location in Fig. 1a; CTX images). The landslide 2
located on the ric..* s.%» to the image (labelled as “2”) seems to overlap the larger
landslide 1. Note trne presence of hummocky topography on the landslide surfaces
(circle: close-up view; CTX images). Landslide 1 is incised by a valley of the unit HNv.
White dashed line indicates the toe of the landslide mass overriding the surrounding
plains of the Nepenthes basin unit (HNtny). Blue and yellow dashed arrows indicate the
paleoflow of the valley and the displacement direction of the landslides, respectively.

The landslide of this 3D image corresponds with the counting area 10 (Figs. 8j and 10).

The unit ANv; in the CNTZ is integrated into the Hesperian and Noachian transition



unit (HNt) of Tanaka et al. (2014) and does not seem to be correlative to the Nepenthes
flow unit (Htn;) of the Nepenthes Planum region (Skinner and Tanaka, 2018).

The landslide unit (ANI) consists of mass-wasted highland materials derived from
the dichotomy escarpment formed by unit Nhcd, and locally accumulated along the
slopes of the dichotomy escarpment during the Late Noachian to Middle Amazonian.
We have interpreted this unit as deposits of various types of large landslides based on
the following features: (1) the presence of head scars that match with large, detached
blocks, backtilted benches, as well as rugged, rolling, and hui.»mocky surfaces locally
with blocky texture; (2) their spatial association with u.» ca. 2 km high dichotomy
escarpment; and (3) the extensional environmental tha. dominates the basins adjacent to
the dichotomy. These large landslides, which oczu: along the dichotomy escarpment
and have moved into the depressions in Nepe:th:s Mensae, are generally characterized
by a limited runout. We have inferrec dif .erent types of slope movements in the CNTZ
based on the classification of Huny* et al. (2014): (1) detached, km-scale masses of
coherent blocks, locally fracti'*ed 21d dilated, probably formed by lateral spreading
related to weak basal materi: Is (sce an example in Fig. 5a), (2) deposits characterized by
apparent internal deformc.ticn, slump blocks and often back-tilted benches possibly
formed by rotationa: ~huing (e.g., landslides 1 and 2 in Fig. 12), as well as (3) frequent
rock falls. We obtained average age estimates of 1.01 + 0.33/0.33 Ga (Early to Middle
Amazonian) and 0.80 + 0.17/0.17 Ga (Middle Amazonian) for each counting area
considered (Fig. 10). However, the occurrence of a valley originating in the highlands
(unit HNv; Late Noachian to Late Hesperian) and dissecting the landslide deposits (see
Fig. 12) indicates that the minimum age estimation for the formation of the unit ANI
may be as old as Late Noachian.

As previously stated, the confidence in age estimates obtained for the counting areas



smaller than 1,000 km? (i.e., counting areas 3 and from 7 to 12; see Fig. 10) may have
been affected by probable variations in cratering and potential age underestimation
(Warner et al., 2015). Although these estimates should be treated with caution there is
an overall consistency between the model ages and the relative ages indicated by the

stratigraphic and geomorphic relationships.

5.2 Geological-geomorphological history of the CNTZ

Here, we summarize the geological history and la’ws~ape evolution of the CNTZ
inferred based on the interpretation of the mapreu units and landforms and their
chronology. Our reconstruction is focused on the scuence of paleogeographic stages
associated with the formation of the closcd depressions that used to host large
paleolakes and on the evolution of the dic’iotomy escarpment.

The explored record starts in the =arly to Middle Noachian with the formation of the
Cimmeria dissected units (the lrwer and upper members Nhcd, and Nhcdp,
respectively). Both units “vere affected by a phase of NE-SW-oriented tectonic
shortening, recorded bv v, ~m.inent lobate scarps interpreted as the surface expression of
thrust faults. These 1. arpno-structures occur in the highland province (e.g., Watters and
Robinson, 1999; Watters, 2003b), and less conspicuously in the Nepenthes knobby
plateau unit (Ntny,, Late Noachian in age) of the transitional province. The disruption of
fluvial valleys (Late Noachian to Late Hesperian in age) observed in the unit Nhcd, by
lobate scarps unaffected by fluvial erosion, as well as the adaptation of some drainages
to these compressional features (e.g., deflected fluvial valleys parallel to the toe of
lobate scarps) suggest that the compressional stress field may have started as soon as the

Late Noachian and probably ended sometime after the cessation of fluvial activity (Late



Hesperian), which is roughly consistent with the global-scale compressional tectonic
regime that occurred on Mars between the Late Noachian to Early Hesperian (e.g.,
Tanaka et al., 1991; Watters, 1993). During the Late Noachian, basins of uncertain
origin were formed and filled of sediments on the unit Nhcd, to form the Cimmeria
basin unit (Nhcy) (see Fig. 11).

The topography of the Cimmeria dissected units in the CNTZ is analogous to that
displayed in a large part of the highlands south of the dichotomy, which is characterized
by a topographically higher sector that gradually descends fro..» the highlands into the
northern lowlands and frequently ends abruptly along a s 0 escarpment that represents
the dichotomy boundary (Watters and McGovern, 200C). The ca. 2 km high escarpment
in the CNTZ defines the boundary between the hishicnd and transitional provinces. The
member b of the Cimmeria dissected un‘ts (Nacdp) associated with the dichotomy
escarpment shows numerous troughs the. controlled fretted valleys subparallel to the
escarpment. The analyzed radargrai.’< indicate that the escarpment and the troughs are
probably related to a master an” se ~radary normal faults that dip consistently to the NE
indicating a NE-SW exte:sion direction with major geomorphic imprint on the
landscape (see Figs. 9 anu 11). The extensional tectonics probably led to: (1) the plateau
situated south of he Miciiotomy escarpment with down-to-the-north topographic drops
associated with secondary normal faults; and (2) the chain of interconnected NW-SE-
trending closed depressions located at the foot of the dichotomy escarpment. These
basins are probably downthrown blocks (i.e., keystone graben) nested in the lower part
of a larger half-graben morpho-structure (i.e., fault-angle depression), as inferred from
the topography and the stratigraphic and structural relationships interpreted from the
mapped units and radar reflections (see Figs. 9 and 11).

According to Tanaka et al. (2005), the region of Nepenthes Mensae may have been



affected by mass wasting and “basal sapping of volatiles” that may have generated the
knobby terrain in this region. The belt of depressions in Nepenthes Mensae was also
attributed to extensional tectonics by Watters (2003a) and Watters and McGovern
(2006), reaching the maximum lithospheric deflection near the base of the dichotomy
escarpment (Watters, 2003a). Other graben basins have been inferred along the crustal
dichotomy in Nilosyrtis Mensae (Levy et al., 2007) and Protonilus Mensae (e.g.,
Watters, 2003a), located north of Terra Sabaea and Arabia Terra, respectively, as well
as in Aeolis Mensae (e.g., Watters and McGovern, 200f) s~utheast of the CNTZ,
exhibiting a topographic expression analogous to u.t In the study area. Our
observations also suggest that, regardless of how ana "~hen the crustal dichotomy was
formed, its current shape in the CNTZ is largely relawcd to dip-slip displacement along a
down-to-the-northeast normal fault system th.. ¢ rontrolled the formation of half-graben
basins within this extensional enviror mer.c in Nepenthes Mensae (see Figs. 11 and 13).
The Nepenthes basin unit (HNtny), v*hich is generally confined to the lower part of the
half-graben basins (nested keyston: r,raben) and seems to reach its greatest thickness in
the vicinity of the fault-cor. volled escarpment (see Figs. 11 and 13), was accumulated
from the Late Noachian :n Zarly Hesperian based on crater densities. The probable
syntectonic deposiu~n of the unit HNtn, by fluvio-lacustrine and mass-wasting
processes suggests that extensional tectonics in the CNTZ was active at least during the
Late Noachian to Early Hesperian. The volcanic edifice/flow units (ANve and ANvy,
respectively), probably associated with extensional tectonics (i.e., fissure eruptions),
were locally emplaced overlying the unit HNtn, from the Late Noachian to the Early
Amazonian, as indicated by crater densities and geometrical relationships among units
(see the block diagram in Fig. 13), what suggests that the extensional phase may have

even been active until Early Amazonian times. The stratigraphic relationships between



the volcanic units (ANve and ANvs) and the fan unit (HNf, Late Noachian to Late
Hesperian), which is rich in clay-bearing deposits (Figs. 6 and 7), reveal that the latter at
least locally postdated the volcanic units (see an example in Fig. 13). However, their

ages based on both crater densities and
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Fig. 13. Detailed block diagram shc viry a tectono-sedimentary model of the CNTZ
around the dichotomy escarpment trct interprets the subsurface geology along the cross
section B-B’ (location and d-:~il. «n Figs. 2b and 7a, respectively) integrating the
information provided by tu,ographic data, the geologic units, radargrams, formation
ages and mineral comncuition of the units. It includes the reconstruction of the
paleolake level at abu 't -1950 m, which is the mean water level of the main paleolake in
Nepenthes Mensae during the Late Noachian-Early Hesperian transition according to
Garcia-Arnay and Gutiérrez (2020). Colors coincide with those of the geologic units
shown in Fig. 2a. Circle: close-up view showing the interpreted depositional

architecture of the putative Gilbert-type delta “D11” (see Table 1).

stratigraphic relationships suggest that the volcanic and the fluvio-lacustrine activity

may have been at least partially coeval, between the Late Noachian and the Late



Hesperian, coinciding with the period of fluvial activity and formation of paleolakes in
the CNTZ (Fig. 13) (e.g., Rivera-Herndndez and Palucis, 2019; Garcia-Arnay and
Gutiérrez, 2020).

Our observations indicate that the inferred compressional and extensional tectonic
stresses in the CNTZ, which exhibit the same direction (i.e., NE-SW), seem to have
largely occurred sometime from the Late Noachian to Late Hesperian, and even until
more recent epochs, but not simultaneously. Several lines of evidence suggest that the
extensional phase postdated the compressional deformation. (1) the compressional
structures do not affect to the most recent units; (2) uiw. extensional structures have
formed the most recent morpho-structures (e.g., the b, ~sent-day dichotomy escarpment
or the basins in Nepenthes Mensae), as well as th2 «~commodation space in which the
units HNtn, and ANv; were deposited; an: (3) the areas affected by extensional
tectonics divide in half those that :re cectonically contracted in the highland and
transitional provinces. Other autho.> (e.g., McGill and Dimitriou, 1990; Watters and
Robinson, 1999; Watters, 2M03: 2003b) indicated that the compressional and
extensional deformation c“cuned along the dichotomy boundary in the Eastern
Hemisphere from the I_.*= Noachian to Early Hesperian. Different types of large
landslides have beei. aeveloped along the dichotomy escarpment favored by the large
local relief, and probably also by its continuous tectonic rejuvenation and the weakening
of the materials by extensional deformation (i.e., faulting, fracturing). Basal sapping
suggested by Tanaka et al. (2005) may have contributed to the instability and
development of the escarpment in Nepenthes Mensae. A tentative Late Noachian to
Middle Amazonian age has been ascribed to the landslide unit (ANI) based on crater
densities and stratigraphic relationships, although the different slope movements may

have a wide range of chronologies. The presence of mechanically weak material in the



basal part of the escarpment may have propitiated the development of large rock
spreads, producing coherent blocks with dilated fractures of unit Nhcd, detached form
the escarpment and displaced laterally into the depressions of Nepenthes Mensae (see an
example of large rock spreads located ~15 km away from the dichotomy escarpment in
Fig. 5a). During the Amazonian period, significant eolian erosion has mainly carved the
surfaces of the knobby plateau and basin units in Nepenthes Mensae, as shown by the
pervasive occurrence of yardangs that indicate a dominant SE-directed wind (see Fig.
3a). Numerous barchan dune fields formed by olivine-bearina _~nds (Fig. 7) have been
accumulated along the foot of the dichotomy escarpmzi in recent times (see Figs. 3l

and 13).

6. Conclusions

The findings suggest that the e.nosed units mapped in the CNTZ formed over a
long time-span, from the Earl» Noachian to recent times. The inferred compressional
and extensional deformaticy have played a fundamental morphogenetic role in the
configuration of the lanu-czpe at least from the Late Noachian to Late Hesperian.
Extensional tectonic. wiiich postdates the compressional phase, has contributed to the
development of some of the most prominent geomorphic features of the region,
including: (1) the plateau located to the south of the dichotomy in the highland
province; (2) the 2-km-high dichotomy escarpment interpreted as a fault scarp related to
the master normal fault (3) the formation of a half-graben at the foot of the escarpment
with keystone grabens nested in its lower part that used to host paleolakes in Nepenthes
Mensae; (4) the fissure-type volcanic activity in the deepest areas of the basins; and (5)

the mega landslides (e.g., large rock spreads and slumps) derived from the dichotomy



escarpment. Fluvial and lacustrine activity has also played an important morphogenetic
role in the CNTZ. This interpretation is supported by the pervasive occurrence of
tectonically-controlled fluvial valley networks carved into the Cimmeria dissected units,
and putative fan-deltas, rich in hydrated clay-bearing layered sediments. The possible
interaction during the Late Noachian to Late Hesperian between the heat sources
associated with the volcanic activity and the liquid water occupying the basins in
Nepenthes Mensae makes this region a potential landing site for the search of past life
signatures on Mars. This work contributes to improve our know'adge about the geology
and the landscape evolution in the CNTZ, and provide. a “etailed geologic framework
to contextualize the recent findings about the palerhy.'rologic conditions in Nepenthes
Mensae, as well as to compare future studies within e CNTZ and other areas along the

highland-lowland transitional zone.
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Highlights:

e Geological-geomorphological framework of NW Terra Cimmeria and SE Nepenthes
Mensae

e Arich and long-term geological history spanning from Early Noachian to recent times

e Compressional and extensional stresses occurred from Late Noachian to Late Hesperian

e Extensional tectonics controlled the development and evolution of the dichotomy

e Fluvio-lacustrine activity played a fundamental morphoge, -tic role on the landscape



