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Abstract Extensive Noachian-aged intercrater planation surfaces comprise much of the southern
highlands of Mars. We mapped aggradational and stable to degradational surfaces in three study areas
with diverse relief elements and ages: the high and rugged relief of Libya Montes, the well-preserved
intercrater plains of Noachis Terra, and the rolling relief with more drainage development in Terra Cimmeria.
Here we describe four major geomorphic features that formed in these regions: debris-mantled escarpments,
regolith pediments, sloping aggradational surfaces, and depositional plains. We interpret that with tectonic
stability and an arid paleoclimate, these features supported slow pedogenesis, sediment transport, and
diagenesis over hundreds of millions of years during heavy impact bombardment. Slow aqueous weathering
generated primarily fine- or medium-grained particles from basaltic surfaces of impact ejecta and
megabreccia. These Q4sediments were collected in local lows, reducing surface roughness, permeability, and
populations of small craters. Larger crater walls and structural escarpments retreated radially or linearly as
~5–20° slopes, indicating efficient removal of fine- or medium-grained debris but little downslope transport
of coarse material by fluvial erosion or creep. Gently to moderately sloping, composite intercrater planation
surfaces evolved as regolith pediments with tectonic stability and little fluvial dissection. Noachian impact
craters degraded in place on pediments and became embayed or buried on basin floors. The concentration
of aggradational surfaces in low-lying areas, lack of coarse-grained alluvial fans in most locations, and
resistance to later eolian deflation suggest intermittent low-magnitude (hypo-)fluvial erosion with aqueous
cementation or development of a lag in basins.

Plain Language Summary The surface of Mars at Libya Montes, Noachis Terra, and Terra Cimmeria
includes steep eroded slopes, gently to moderately sloping stable surfaces, gently sloping low areas that
were thinly buried, and flat-floored basins that accumulated thick deposits of sediment. The development of
these surface features suggests low-intensity, intermittent erosion by running water and wind over hundreds
of millions of years. The key elements of this landscape evolution include weathering of Martian basaltic
bedrock to finer-grained sediments rather than coarse gravel, a lack of intense rainfall or snowmelt, minimal
movement of loosematerial downslope, and processes that concentrated sediment in basins. The blankets of
material ejected from impact craters required little erosion to form stable and better sealed surfaces, which
were later eroded by rivers during brief wetter epochs of Martian history.

1. Introduction
1.1. Motivating Questions

Mars is unique among the planets and moons in having a geomorphic record of running water from the first
billion years of solar system history. The widespread valley networks and overflowed lake basins in the
Martian cratered highlands reflect an epoch of warmer and wetter conditions around the
Noachian/Hesperian (N/H) boundary (e.g., Fassett & Head, 2008a, 2008b), or about 3.7 Ga (Hartmann &
Neukum, 2001). The paleohydrology of rivers and lakes suggests runoff production up to ~1 cm/day during
flood events and annual runoff production of ~0.1 times the annual evaporation from lakes (Irwin et al., 2005,
2015; Matsubara et al., 2013; Matsubara & Howard, 2009). In the UNESCO (1979) aridity index, these estimates
correspond to semiarid conditions if 20–50% of precipitation drained into lakes or arid conditions at
50–100%. This environment must have been geologically short-lived, however, because prolonged erosion
of this magnitude would have dissected and regraded the landscape to a much greater degree than is
observed (Craddock et al., 2018; Pieri, 1980).

Before the incision of valley networks, Mars experienced a long epoch of impact crater degradation that does
not occur in the present atmospheric regime (e.g., Craddock et al., 1997; Forsberg-Taylor et al., 2004). Crater
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walls retreated, the interiors filled with sediment and/or lava, and the surrounding ejecta blankets lost their
original rugged morphology over hundreds of millions of years. This epoch of crater degradation through at
least the Middle and Late Noachian Epochs was roughly 2 orders of magnitude longer (230 to 390 Myr;
Werner & Tanaka, 2011) than the main epoch of valley development (potentially <1 Myr; Barnhart et al.,
2009), implying a slow evolution of the Noachian landscape without much incision of fluvial valley networks.
The Martian highlands also include hundreds of Early or pre-Noachian enclosed basins that are variably
buried by ejecta from the Hellas, Idisis, and Argyre impact basins (Frey, 2006). These ancient buried basins
do not appear to have ever overflowed, at least since the Hellas impact, suggesting that potential
evaporation was much higher than precipitation on Noachian Mars (Irwin et al., 2011).

The apparent long-term aridity and tectonic stability of Noachian Mars (e.g., Irwin & Watters, 2010; Phillips
et al., 2001) allowed expansive planation surfaces to develop in the highlands. Planation surfaces are defined
as large-scale surfaces with low relief and little fluvial dissection that generally crosscut bedrock structures
(e.g., Migoń, 2004). As metastable features, intercrater plains typically have been presented as background
canvas upon which later, more active geomorphic processes made their mark. The physical characteristics
of these intercrater planation surfaces, however, place important constraints on the ambient Noachian
environment. Hydrologic techniques based on paleochannel geometry or mass and energy balance in
paleolakes are not applicable to the Noachian Period, because small (<2–4 km in diameter) impact craters
and fluvial depositional landforms are not well preserved from that time (Hartmann, 2005; Irwin et al.,
2013). Impact crater populations, degraded crater morphology, intercrater planation surfaces, and outcrops
of weathered material have provided much of the basis for interpreting Middle to Late Noachian resurfacing
in the literature. These features indicate that much more crater loss, crater degradation, resurfacing, and
aqueous alteration occurred during the Noachian Period than afterward (e.g., Forsberg-Taylor et al., 2004;
Hartmann & Neukum, 2001; Murchie et al., 2009; Tanaka et al., 1988), albeit at a lower rate than is observed
in most regions on Earth (Craddock et al., 1997).

Here we focus on three basic questions regarding intercrater planation surfaces:

1. Did they evolve over the full length of the Middle and Late Noachian Epochs, perhaps in equilibrium with
the Noachian paleoclimate, or do they represent a brief resurfacing event with little subsequent
modification? A long timescale would suggest a more stable paleoclimate and suite of geomorphic
processes, relative to a short epoch of resurfacing.

2. Low-relief deposits buried or embayed impact craters on basin floors, but are the moderately sloping
intercrater surfaces primarily erosional or depositional? Impact craters are tectonically stable landforms
with well-constrained initial geometry, so we can use them to determine if intercrater surfaces
experienced widespread aggradation (e.g., through airfall mantling), stability, or denudation (e.g., through
fluvial erosion).

3. What geologic processes shaped the intercrater planation surfaces? Previous maps and other studies of
intercrater plains have suggested that they reflect mare-type basaltic lava flows, widespread eolian
mantling, or burial by big-basin ejecta (Malin, 1976; Scott et al., 1986), all of which involve net aggradation.
Another possibility is that some intercrater areas are stable or erosional surfaces, in which case they would
be thinly and incompletely mantled by debris. We also consider how fine- to medium-grained sediment
could become concentrated in basins, resistant to eolian deflation, and nearly flat lying.

1.2. Previous Work

Early comparative studies in planetary geomorphology focused on impact craters and intercrater plains on
the Moon, Mercury, and Mars (e.g., Leake, 1982; Oberbeck et al., 1977; Wilhelms, 1974). Observations showed
that Martian craters had been degraded and/or obliterated to a larger degree than lunar or Mercurian craters
(Hartmann, 1973; Malin & Dzurisin, 1977). These differences indicate more horizontal material transport in
early Martian landscape evolution, as found by studies of Mariner 4 (Sharp, 1968), Mariner 6/7 (Murray
et al., 1971), Mariner 9 (Malin, 1976), Viking (e.g., Craddock et al., 1997), and subsequent data sets (e.g.,
Mangold et al., 2012). Based on early computer models, Chapman (1974) and Jones (1974) suggested that
periods of increased geologic activity might have geomorphically altered Martian craters, but Hartmann
(1973) interpreted that degradation had occurred at a more constant rate in the distant past. Later studies
strongly supported long-term Noachian crater degradation rather than a brief erosional or depositional
event, based on the wide diameter range of similar degradation states and the advanced degradation of
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stratigraphically older craters relative to younger ones of the same size (Craddock & Maxwell, 1990, 1993; also
see Carr, 1981, p. 60).

Periglacial, eolian, fluvial, volcanic, impact, andmass wasting processes havemodifiedMartian impact craters,
but the relative effects of these processes have varied in space and time. Amazonian periglacial “terrain soft-
ening” is prevalent at latitudes>30–40° (e.g., Jankowski & Squyres, 1992), but apparently not in the equatorial
region (e.g., Kreslavsky & Head, 2003). Eolian mantling has modified craters in the equatorial Arabia Terra and
Meridiani Planum regions, as well as along parts of the crustal dichotomy boundary (e.g., Barlow, 1995; Grant
& Schultz, 1993; Kite et al., 2013; Mittlefehldt et al., 2018). These processes had less effect in other parts of the
equatorial highlands, where studies of crater topography have indicated a dominant role for fluvial erosion in
Noachian crater degradation (e.g., Craddock et al., 1997; Forsberg-Taylor et al., 2004; Howard, 2007).

A possible role for permafrost in modifying cratered surfaces and the occurrence of cold but briny melt
waters (e.g., Fairén, 2010) similarly have been explored. Because of the contrast between softened craters
with strong periglacial modification in the higher latitudes and the steep crater walls that were maintained
in the equatorial region, this paper concentrates on how Noachian aqueous weathering and fluvial erosion
may have differed from norms on Earth, and we do not specifically test whether the ground was frozen all
or part of the time.

Low-viscosity lava flows have resurfaced some crater floors (e.g., Gusev crater as described by Arvidson et al.,
2006), but the extent of this flooding is debated on the basis of crater floor morphology and spectroscopy
(e.g., Edwards et al., 2014; Irwin et al., 2018; Rogers et al., 2018).

Carr (1981) observed that intercrater plains are “intrinsically difficult to interpret” because their surfaces have
been reworked through time, removing most diagnostic landforms. The Mariner and Viking imaging systems
posed additional limitations. Using Mariners 6 and 7 images, Murray et al. (1971) noted that intercrater areas
were much smoother in Martian cratered terrains than in the lunar highlands and that the crater rims and
ejecta were more subdued. These observations implied that Mars had undergone more leveling and lateral
transport of surface material. If the transport process was eolian, then effective weathering was required to
reduce hundreds of meters or kilometers of rock to small, transportable grain sizes. Chapman et al. (1969)
and Cintala et al. (1976) had suggested ballistically emplaced or base-surge impact deposits as possible alter-
native processes. Wilhelms (1974) favored lava flows for some lightly cratered plains, based on ridges, flow
fronts, and embayment relationships like those seen in the lunar maria.

Malin’s (1976) thesis included the most thorough discussion of Martian intercrater plains to date. Based on
Mariner 9 imaging, he interpreted intercrater plains as “stratified consolidated and unconsolidated materials,
probably loose debris blankets and volcanic flows.” The unconsolidated material was interpreted as impact
and eolian materials (see also Chapman et al., 1969), which were more susceptible to erosion, fluvial incision,
and development of chaotic and fretted terrains than was consolidated rock. He identified stratification in a
variety of geologic settings (some of which might not be described as intercrater plains today), where sec-
ondary processes had formed escarpments, exposing layers in the older materials.

Malin and Edgett (2001) confirmed with the Mars Orbiter Camera (MOC) “that nearly everywhere that the
subsurface of the Martian cratered highlands [is] exposed, the upper crust is layered.” They favored long-term
crustal evolution with concurrent impact cratering, erosion, and deposition forming a pervasively layered
crust, as opposed to an initially Moon-like megabreccia with superimposed patches of fluvial and eolian
deposits. Bandfield et al. (2013) developed a similar concept for aggradation of poorly consolidated fine-
grained particles in the Noachian highlands, favoring a volcaniclastic source.

The Mars Exploration Rover (MER) Spirit’s investigation of the Columbia Hills in Gusev crater found multiple
generations of draping by impactites and volcaniclastic material that experienced subsequent aqueous infil-
tration, cementation, and alteration (Crumpler et al., 2015 Q6; McCoy et al., 2008; Squyres et al., 2006). The MER
Opportunity showed that the eroded rim of Endeavor crater has a draped airfall deposit that predates the
extensive accumulation and alteration of eolian basaltic sand in the region (Mittlefehldt et al., 2018). Such air-
fall and eolian materials may have contributed to crater infilling and intercrater mantling elsewhere, but the
effects may be too old or on a scale too small to be resolvable from orbit.

In their 1:25,000,000 scale geologic map based on Mariner 9 data, Scott and Carr (1978) divided most of the
Martian highlands into older, rugged “hilly and cratered material” and younger “cratered plateau material.”

10.1029/2018JE005681Journal of Geophysical Research: Planets

CAWLEY AND IRWIN III 3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

cawleyj
Insert Text
2011

cawleyj
Strikeout

cawleyj
Replace

cawleyj
Replace
Endeavour

CawleyJ
Strikeout

CawleyJ
Strikeout

CawleyJ
Strikeout

CawleyJ
Insert Text
Noachian



The latter had flat, smooth intercrater plains with many buried to partly
buried large craters. Secondary features including valleys, chaotic terrain,
lobate scarps, and grabens also were present in the cratered plateau
material. Scott and Carr (1978) interpreted the intercrater plains as due
to widespread flooding by lava, leaving most of the craters exposed.

Scott et al. (1986) used a different subdivision of Noachian highland units
based on Viking Orbiter imaging: hilly, cratered, subdued cratered,
dissected, etched, and ridged units. In this scheme, the first three units
are roughly comparable to the two Mariner 9 highland units, whereas
the last three included areas of major secondary modification by water,
wind, and tectonics, respectively. The mountain, basin rim, crater, and
smooth plains units were similar between the Mariner- and Viking-based
global geologic maps.

The most recent global geologic map of Mars used base data from the
Mars Global Surveyor Mars Orbiter Laser Altimeter and Mars Odyssey
Thermal Emission Imaging System (Tanaka et al., 2014). It does not define
highland units based on secondary landforms, such as ridges, valleys, or
etched terrain. Instead, it distinguishes rugged, high-relief outcrops of
the Early Noachian highland unit (eNh) from the uneven to rolling, often
visibly layered Middle Noachian highland unit (mNh) and the plains-
forming Late Noachian highland unit (lNh). Irwin et al. (2013) found crater
populations near saturation from 32- to 128-km diameters on the high-

standing eNh unit, whereas the mNh unit was resurfaced around ~4 Ga, and the lNh unit includes later
Noachian burial of basin floors. Noachian cratered terrain experienced more resurfacing at lower elevations,
implying a gravity-dependent transport and/or deposition process.

Although the eNh andmNh units do not correspond exactly to the hilly and cratered and the cratered plateau
units, respectively, of Scott and Carr (1978), the new global map recognizes both rugged highland terrain and
intercrater planation surfaces. The new contacts are based onmorphology, but the units are named based on
their geologic province and crater densities, which are distinct for the highland units in diameter
bins >16 km.

2. Methods
2.1. Selection of Study Areas

We selected three study areas (Figure F11) to encompass diverse relief, crater density, and fluvial dissection.

The Noachis Terra study area (13–25°S, 30–42°E; Figure F22) is densely cratered but less dissected by valley
networks than the other two (Carr, 1995; Hynek et al., 2010), providing a more pristine view of older
Noachian geomorphic surfaces. It includes Early Noachian upland terrain and intercrater planation surfaces
in the high-standing Hellas basin annulus (Smith et al., 1999). The linear tectonic escarpments that bound
Hellas-concentric grabens in this area (Wichman & Schultz, 1989) provide a useful comparison to impact
crater walls and basin rim massifs for observations regarding scarp retreat. Gentle intercrater slopes of
<1.5°comprise most of the study area (throughout the paper, we describe slopes of <1.5° or 0.026 as gently
sloping, 1.5–5° as moderately sloping, and >5° or 0.087 as steeply sloping).

The Libya Montes study area (5°N–7°S, 80–92°E; Figure F33) has many rim massifs, intermontane planation
surfaces, and incompletely filled structural basins around the Early to Middle Noachian Isidis basin (Irwin
et al., 2013; Werner, 2008). The northern part of this study area has longer integrated surfaces descending
into Isidis basin, whereas areas to the south are multibasinal. The high and rugged relief in this landscape
supports a comparison with more densely cratered landscapes in the other study areas. Crumpler and
Tanaka (2003), Howard et al. (2005), and Bishop et al. (2013) previously mapped northern portions of this
area. They identified relief features like those in our map, but they subdivided the mountainous and
upland intercrater areas differently. Phyllosilicates are concentrated in the uplifted bedrock and overlain
in swales by an olivine-rich unit and a pyroxene-bearing caprock (Bishop et al., 2013; see also

Figure 1. Mars Orbiter Laser Altimeter shaded relief map of the eastern
hemisphere of Mars, showing the locations of study areas Noachis Terra
(N), Libya Montes (L), and Terra Cimmeria (C).
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Tornabene et al., 2008). Studies of the valley networks that incise these
surfaces include those by Jaumann et al. (2010) and Erkeling
et al. (2010).

The Terra Cimmeria study area (16–27°S, 132–144.5°E; Figure F44) contains
mostly Early to Middle Noachian intercrater surfaces in the ejecta annulus
northeast of Hellas basin. This area is more densely dissected by valley
networks, and here it is useful to observe how Late Noachian to Early
Hesperian overland flow responded to older intercrater topography. This
study area is one of the sites reproduced in a simulation model by
Matsubara et al. (2018).

2.2. Mapping Approach

We used ArcGIS 10.5 software to map the study areas at 1:2:000,000 scale
on a base mosaic of 100 m/pixel Thermal Emission Imaging System
daytime infrared images (Edwards et al., 2011). The Mars Global Surveyor
Mars Orbiter Laser Altimeter Mission Experiment Gridded Data Record at
~463 m/pixel (128 pixels per degree; Smith et al., 2003) provided a
topographic base for mapping and slope measurements. The initial line
work included polyline shapefiles that were snapped and converted
to polygons.

In the Tanaka et al. (2014) global geologic map, the contact between the
eNh and mNh units was typically placed at a slope break between a more
steeply sloping, higher-standing, heavily cratered terrain (unit eNh) and a
gently sloping, less densely cratered surface below it (unit mNh). These
units were distinguished from the lNh unit, which is mostly younger basin
fill with sharply defined contacts. We used the same general approach, but
we specifically mapped surfaces where the Noachian degraded craters
were exposed or buried.

For each of the three study areas, we created an ArcGIS point shapefile of
the Robbins and Hynek (2012a, 2012b) impact crater database, which
contains 384,335 craters globally and is statistically complete down to
1 km in diameter. We determined the relative age of each study area by
dividing its crater data into diameter bins of D–D × 20.5 km, with both
the count (N) and error bars (±N0.5) normalized to an area of 106 km2

(e.g., Hartmann, 2005). We plotted the binned crater counts on
Hartmann (2005) isochrons to provide a characteristic age for each
study area.

3. Results
3.1. Description of Map Units

The Mountain unit contains steep-sided massifs, mesas, and fault-bounded blocks, which are surrounded by
the gently or moderately sloping Intercrater 1–4 units. Most of the associated escarpments have retreated as
steep slopes in the 5–20° range, but the Mountain unit also contains areas of moderate slope on plateaus and
in swales (Figure F55). Most of the Mountain unit contacts are concave-up slope breaks, some of which are less
abrupt than others (Figure 5d). These are the stratigraphically oldest outcrops in the study areas; the crystal-
lization age of the bedrock predates formation of the mesas and massifs as morphological features.
Stratigraphic relations with the Hellas and Isidis impacts suggest an Early Noachian age of the Mountain unit
at Noachis Terra and Terra Cimmeria, and an Early to Middle Noachian age at Libya Montes (Tanaka et al.,
2014), with slow erosion through the remainder of the Noachian Period.

Mountain unit outcrops have small or absent plateaus at the highest elevations; where higher-standing sur-
faces are more extensive, we mapped the Intercrater 1 unit (Figure F66a). This gently to moderately sloping unit
has an Early to Middle Noachian age in Libya Montes, where it was resurfaced by Isidis basin ejecta, and in

Figure 2. Noachis study area (13–25°S, 30–42°E). (a) Thermal Emission
Imaging System daytime infrared mosaic colorized with Mars Orbiter Laser
Altimeter topography, showing mapped contacts as white lines. The green
box shows the location of Figure 7b. (b) Map of the study area. The SW-NE
linear escarpments are normal faults circumferential to the Hellas impact
basin (Wichman & Schultz, 1989).
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Terra Cimmeria, where the outcrops include higher plateaus and ejecta of
several post-Hellas degraded craters. This unit does not occur in the
Noachis study area. As the highest-standing planation surface in the study
areas, the Intercrater 1 unit has few sources for allogenic sediment, aside
from ejecta and airfall material.

The Intercrater 2 unit (Figure 6b) is intermediate in age and topographic
position. These outcrops are gently to moderately sloping and are
transitional between the upland Mountain or Intercrater 1 and
downgradient Intercrater 3 or 4 surfaces. The Intercrater 2 unit
experienced the same loss of small craters as the rest of the study areas,
but it does not have significantly exhumed or buried large craters,
suggesting relative topographic stability through the Noachian Period.
It is a composite surface: Local lows within the unit were a sink for
upland sediments, but much of it was erosional, contributing material
to Intercrater 3 and 4 surfaces downslope.

The Intercrater 3 unit (Figure 6c) was an aggradational down-gradient
extension of Intercrater 2 surfaces through the Middle and Late
Noachian Epochs. Most of it is gently sloping, with a lower occurrence of
moderate 1.5–5° slopes relative to the Intercrater 1 and 2 units
(Figure 5). Small craters and most larger craters were filled and buried
there. It includes the lower reaches of some Noachian watersheds, as well
as Noachian ejecta blankets that buried parts of basin floors (Figures F77a
and 7b). The Intercrater 3 unit has a unidirectional gradient that allowed
it to become locally dissected around the N/H boundary, contributing
some sediment to Intercrater 4 basin fill.

The Intercrater 4 unit (Figure 6d) is confined to basin floors and is
nearly flat or gently sloping inward. It is defined by pervasively buried
or embayed Noachian craters, which require thick burial in the
Noachian Period and Early Hesperian Epoch. The Intercrater 4 unit
was the eventual sink for materials eroded from upslope areas, thus
representing a primarily aggradational surface, and some basin floors
may have experienced additional volcanic resurfacing (e.g., Goudge
et al., 2012).

The youngest extensive units in the study areas are fresh impact craters
and their ejecta. Some of these craters have visible fluvial dissection and
related deposits (Crater 1 unit), whereas others do not (Crater 2 unit;

Mangold et al., 2012). Where the ejecta blankets overlap, the dissected craters are older than the undissected
ones. Mangold et al. (2012) found that dissected fresh craters north of Hellas and south of Margaritifer Terra
have Early Hesperian to Early Amazonian ages (~3.7–3.3 Ga). We have excluded these craters and their ejecta
from our analysis of the underlying planation surfaces.

3.2. Description of Study Areas

The Noachis Terra study area (Figure 2) includes small outcrops of the Mountain unit, most of which are
aligned with Hellas-concentric normal faults or post-Hellas impact crater rims. Gentle to moderate
Intercrater 2 slopes extend over much of this study area between the Mountain unit outcrops and
Intercrater 4 basin floors. Aggradational Intercrater 3 surfaces include Noachian ejecta that overlie older basin
fill, as well as other sloping deposits of unknown origin in various swales in the landscape (Figures 7a and 7b).
Intercrater 4 deposits in Noachis are confined within impact craters and large intercrater basins; the latter are
most extensive in the north-central portion of the study area. The significant aggradation in long swales sug-
gests some locally integrated sediment transport along preexisting topographic features, but fluvial valley
networks are not deeply incised here, and drainage is not well integrated. Sizable post-Noachian Craters 1
and 2 units cover significant portions of the terrain.

Figure 3. Libya Montes study area (5°N–7°S, 80–92°E). (a) Thermal Emission
Imaging System daytime infrared mosaic colorized with Mars Orbiter Laser
Altimeter topography, showing mapped contacts as white lines. The green
boxes show the locations of subsequent figures. (b) Map of the study area.
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In contrast, the Libya Montes study area (Figure 3) has many high-relief
Mountain unit outcrops along the Isidis basin rim. In general, the elevation
decreases from the Intercrater 1 plateau in the south to the Isidis basin
floor in the north. Drainage from south to north was poorly integrated
throughmost of the Noachian Period. Most erosional Intercrater 2 surfaces
are confined within structural valleys, which terminate in an Intercrater 4
deposit within an impact crater or a low part of the swale. Some of these
surfacesmay have originated as Isidis ejecta. The Intercrater 3 unit includes
better integrated aggradational surfaces primarily to the north, which has
a steeper regional gradient into the Isidis basin (Figure 3a). The develop-
ment of valley networks around the N/H boundary was associated with
overflow of enclosed structural and impact basins in Libya Montes, form-
ing narrow breaches in former divides and dissecting older planation sur-
faces (Howard et al., 2005). It is worth noting, however, that much of the
Noachian deposited sediment remains confined within structural
basins upslope.

The Terra Cimmeria study area (Figure 4) includes the most pervasive post-
Noachian fluvial overprint. Isolated Mountain and Intercrater 1 erosional
surfaces are associated with older crater rims and Early Noachian impact-
generated relief within the landscape. Intercrater 2 surfaces predominate
the terrain, whereas aggradational Intercrater 3 slopes occur in smaller
areas marginal to Intercrater 4 depositional basins. Ejecta blankets sur-
rounding various Noachian craters are eroded back to form smaller escarp-
ments and/or breaks in slope (Figures 5d, 7c, and 7d). Intercrater 4
deposition centers occur as discrete infilled craters and one sizeable
infilled swale in the northwestern corner of the study area, associated with
better developed fluvial valleys. Here also, later Crater 1 and 2 ejecta
obscure a portion of the study area.

Using the Hartmann (2005) method, our crater counts (Figure F88) show a
>4-Ga Early Noachian isochron age in Cimmeria and Noachis, approaching
saturation at diameters >32 km. Libya has a younger surface correspond-
ing to the Early to Middle Noachian Isidis impact at ~4 Ga (Irwin et al., 2013;

Werner, 2008). All three study areas reflect a complete loss of Noachian primary and secondary craters at dia-
meters <4 km. This resurfacing declined during the Early Hesperian Epoch (by about 3.5 Ga) in the study
areas, consistent with previous findings at the global scale (e.g., Irwin et al., 2013).

4. Discussion
4.1. Debris-Mantled Escarpments

Escarpments are steep, laterally extensive slopes that separate two low-gradient surfaces above and below
them. In our study areas onMars, Noachian escarpments are debris-mantled slopes with sharp breaks in slope
at the top and bottom, and little fluvial dissection in most cases. They occur on the walls of degraded impact
craters, impact basin rimmountains, and tectonic faults, but Martian inselbergs would have experienced simi-
lar erosion of slopes. Scarp retreat processes formed more smoothly sloping interior walls from the original
rugged slump terraces of complex impact craters. Highland escarpments developed mostly in impact ejecta
or megabreccia (including the thick ejecta blankets of large basins), and most lie below the angle of repose.
The interior walls of Noachian impact craters have declined in slope from an initial maximum of ~20–35° to
~10–20°, with some in the 5–10° range and few as high as 20–25° (Kreslavsky & Head, 2003; Mangold
et al., 2012).

Relative to terrestrial analogs of similar size, Noachian escarpments on Mars retreated linearly (tectonic
escarpments) or radially (crater wall escarpments) without becoming deeply dissected. This morphology is
consistent with the overall reduction of high-frequency relief in the Noachian landscape through time. The
ruggedness of escarpments varies between the more dissected (Cimmeria) and less dissected (Noachis)

Figure 4. Terra Cimmeria study area (16–27°S, 132–144.5°E). (a) Thermal
Emission Imaging System daytime infrared mosaic colorized with Mars
Orbiter Laser Altimeter topography, showing mapped contacts as white
lines. The green boxes show the locations of Figures 7c and 7d. (b) Map of the
study area.
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regions, but the dense valley networks in Terra Cimmeria appear to be a N/H decoration on an older cratered
landscape rather than a mature dendritic pattern (e.g., Pieri, 1980).

A lack of deep dissection and fan development along escarpments through most of the Noachian Period
(Moore & Howard, 2005) suggests that either these slopes did not produce gravel efficiently or gravel was
produced but not transported. In any event, very little material accumulated along the base of Noachian
escarpments (Figure F99). The relaxation of these slopes by ~10–15° over ~108 year timescales during heavy
bombardment (Mangold et al., 2012) indicates some movement of coarse materials, but creep driven by
freeze-thaw, wetting-drying, or small impacts must have been remarkably slow to maintain such well-defined
escarpments to the present. Kreslavsky and Head (2018) showed that Late Hesperian to Amazonian creep has
strongly relaxed crater wall slopes at middle to high latitudes, but not around the equator, so equatorial

Figure 5. Maximum slope to the eight adjacent pixels for each 128 pixel per degree Mars Orbiter Laser Altimeter grid cell.
Slopes are binned as gentle (<1.5°, blue), moderate (1.5–5°, white), and steep (>5°, black), as described in the text. Red lines
are mapped contacts. Generally, solid blue areas are depositional plains, mixed areas are sloping aggradational surfaces
and pediments, and black structural escarpments of impact origin bound the mountains. Many mountain unit outcrops
contain plateau surfaces and swales of intermediate slope. (a) Noachis Terra, with gentle slopes over much of the area. (b)
Libya Montes, with a green box showing the location of Figure 5d. (c) Terra Cimmeria. (d) Portion of the Libya Montes study
area, showing example slope relations between degradational and aggradational units. Unit abbreviations are as in
Figures 2–4, but mapped contacts are removed to more clearly show the surface features. The base of an escarpment can
have either a sharp break in slope, usually at the contact with an aggradational unit (e.g., black arrows), or, less often, a more
gradual ramp that may be an alluvial bajada (e.g., white arrows). Some escarpments are deeply dissected, but this is a
localized occurrence that may be a Noachian/Hesperian boundary decoration on older slopes. The Intercrater 2 unit (ip2)
contains Noachian impact ejecta that is to bemore resistant to Noachian/Hesperian erosion than the underlying Intercrater
4 (ip4) material, such that the ejecta blanket now stands in relief.
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Noachian slope processes did not involve freezing and melting of ground ice of a similar magnitude. As we
noted in section 1.2, limited freeze-thaw creep does not necessarily imply that the ground was thawed most
of the time, only that it did not frequently freeze and thaw in the presence of water. Clifford (1997) argued
that seismicity from large impacts may have reworked loose (potentially saturated) material through
liquefaction, but if so, then Martian escarpments generally must not have been water laden.
Notwithstanding the foregoing arguments, crater walls must retreat by 10–30% of the crater radius (e.g.,
2.5–7.5 km of wall retreat in a 50 km crater) to explain the volume of infilling material if rock volume is
conserved, indicating significant denudation of slopes over time (Craddock et al., 1997).

In eroded landscapes, sharply concave breaks in slope often reflect large differences in the energy needed to
erode the surface materials (see review by Parsons et al., 2009). The debris-mantled escarpments in our study

Figure 6. Example planation surfaces in the Libya Montes study area, seen in CTX Q7imaging. The labels indicate representa-
tive outcrops, although each frame contains outcrops of other units as well. (a) Intercrater 1 unit (IP1) regolith pediment,
centered at 5.2°S, 86.7°E. CTX J05_046719_1728 and D02_027849_1729. (b) Intercrater 2 unit (IP2) regolith pediment,
centered at 1.6°N, 90.9°E. Note the exposed degraded craters. CTX P19_008386_1816 and P19_008531_1820. (c) Intercrater
3 unit (IP3) sloping aggradational surface, centered at 1.0°N, 81.2°E. Note the buried crater and susceptibility of the material
to fluvial erosion, relative to the valley incised into IP2 in Figure 6b. CTX B19_017221_1804 and J01_045150_1812. (d)
Intercrater 4 unit (IP4) depositional plains, centered at 1.7°N, 83.8°E. Note that all Noachian craters are buried in IP4. CTX
P17_007793_1805, B02_010575_1812 and P20_008874_1822. See Figure 3 for locations and context.
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areas appear to be coarse grained, based on their resistance to eolian deflation (Figure 9). The sharp break in
slope between a steep crater wall escarpment and a gently sloping floor deposit is consistent with a bimodal
distribution of regolith grain size, with coarse basaltic debris on escarpments weathering to finer-grained
sediment rather than to gravel (Allen & Conca, 1991; Dehouck et al., 2014), and the finer-grained
sediments being deposited at low gradients on basin floors. In contrast, a more broadly concave break in
slope would suggest a more continuous distribution of regolith grain size (Parsons et al., 2009). The sharp
contrast between escarpments and low-gradient surfaces on Mars may reflect the efficient removal of
weathered finer-grained debris from steep slopes, exposing the bedrock to further weathering and scarp
retreat. Meanwhile, the inefficient removal of weathering products from low-gradient surfaces may have
inhibited further weathering and denudation there.

Richter denudation slopes, which occur in alpine areas and Antarctica, are a morphological analog to Martian
escarpments. These long, straight, poorly dissected slopes have a thin veneer of talus overlying a steep bed-
rock slope that follows the angle of the talus (Selby, 1993, pp. 366–368). The essential factors in maintaining
Richter denudation slopes are uniform weathering and effective removal of the resulting debris under
weathering-limited conditions. The lack of focused erosion at the top of the slope and deposition at the bot-
tom allows the slope to persist rather than relax significantly over time, at least until the source of talus at the
head of the slope is exhausted. In section 4.6 we discuss physical processes that might create a similar result
on Mars, without necessarily implying a climatic analog to terrestrial Richter denudation slopes.

Figure 7. Examples of burial and erosion relations. (a) Intercrater 3 unit in LibyaMontes, where a swale was infilled and later
easily dissected, forming a wide valley (upper arrow) and leaving a circular feature in positive relief (lower arrow). See
Figure 3a for the location and elevation coloring. (b) Intercrater 3 unit ejecta (arrow) from a 27-km crater deposited on the
floor of an older 70-km crater in Noachis Terra. See Figure 2a for the location and elevation coloring. (c) Ejecta of 19-km (left
arrow) and 17-km (right arrow) Noachian craters bounded by escarpments in Terra Cimmeria. (d) Ejecta of a 62-km crater in
Terra Cimmeria bounded by an escarpment. These features suggest that resistant impact ejecta overlie less resistant
material in these locations and/or that scarp retreat was not limited to primary structural escarpments on Mars. These
examples also show that Noachian ejecta was not entirely removed by erosion, at least in some locations (also see unit ip2
in Figure 5d). See Figure 4a for the locations and elevation coloring of Figures 7c and 7d.
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4.2. Regolith Pediments

Pediments are gently to moderately sloping erosional surfaces of low
relief, developed on bedrock or older unconsolidated deposits
(Dohrenwend & Parsons, 2009). Surficial mantles of eroded sediment are
thin and discontinuous (Cooke, 1970). Pediments may contain bedrock
inselbergs and incised stream channels, but they are not densely dissected
or undergoing rapid denudation.

Inclined, quasi-planar geomorphic surfaces can be aggradational (e.g.,
alluvial bajadas), but we find deeply buried impact craters only on the
lower-lying Intercraters 3 and 4 units in our study areas, a strong indication
that the outlying surfaces (Intercraters 1 and 2) were stable or degrada-
tional. Both pediments and bajadas convey sediment from upland source
areas to downstream depocenters, and both may have concave longitudi-
nal profiles (e.g., Blair & McPherson, 2009; Dohrenwend & Parsons, 2009;
Strudley et al., 2006). The absence of deeply buried impact craters or deep
fluvial dissection suggests an interpretation of the sloping Intercrater 2
planation surfaces as pediments, and on a larger scale, pediplains com-
posed of coalesced pediments.

To contrast pediments from other types of planation surfaces, etchplains
form by deep weathering of bedrock, followed by removal of the debris
to expose the former weathering front (see review by Twidale, 2002).
The traditional concept of a peneplain as a hypothetical late stage of pro-
longed fluvial erosion dates to Davis (1889, 1899), building on the earlier
recognition by John Wesley Powell of base level control on fluvial erosion.
Both etchplains and peneplains would involve more advanced weathering
and fluvial erosion of the highlands than are evident in the orbital high-
resolution imaging.

Nevertheless, weathering plays a significant role in the evolution of pediments, either on the present surface
or under a previous regolith cover. Pediments are not relict alluvial plains; rather, they are erosional surfaces
that crosscut the underlying bedrock or stratigraphy (although perhaps not deeply in some cases;
Dohrenwend & Parsons, 2009). Many arid-zone pediments on Earth may have formed predominantly under
past semiarid conditions (e.g., a precipitation to potential evapotranspiration ratio [P/Ep] of 0.2–0.5 in the
UNESCO, 1979, scheme), where vegetation retained an alluvial cover that was lost in the present climate.
The thin, discontinuous mantle of sediment leaves pediments exposed to physical and chemical weathering
under arid conditions (P/Ep of 0.03–0.2 in the same scheme) as well (e.g., Amundson et al., 2008).

Twidale (2014) distinguished pediments that are thinly mantled by allochthonous transported sediment from
those covered by autochthonous material that was weathered in place. Martian pediments may be a combi-
nation of both, with mixing of these materials and the regolith substrate by impacts (e.g., Oberbeck et al.,
1977). In our study areas, pediments typically developed on a regolith of Noachian impact ejecta or mega-
breccia rather than bedrock.

The stability of regolith pediments over ~108-year timescales suggests that the geomorphic regime in the
Noachian highlands was at or below thresholds for fluvial and eolian transport most of the time (i.e., erosion
was weathering limited). Otherwise, it is hard to explain low denudation rates over hundreds of millions of
years (Golombek et al., 2006). Some channelized fluvial flows are possible, but streams tended not to incise
deeply, reflecting an inability to transport the imposed sediment load and attack the substrate. Potential
causes include low rates of rainfall or snowmelt, high infiltration rates, a coarse-grained lag, or some combi-
nation, perhaps related to low or variable atmospheric pressures (Craddock & Lorenz, 2017). The former
explanation is the most comprehensive, and ongoing cratering might have sustained infiltration or a lag
against weathering, but we note that the intercrater plains are not densely cratered at small diameters.
Occasional sheetwash, infiltration, dissolution, recrystallization, and chemical weathering would be physically
plausible in this setting.

Figure 8. Crater counts from the Robbins and Hynek (2012a, 2012b) data-
base, plotted on Hartmann (2005) dashed isochron lines for the Noachis
(black diamonds), Libya (clear circles), and Cimmeria (gray squares) study
areas. The Noachian/Hesperian and Hesperian/Amazonian boundaries
defined by Tanaka (1986) are shown as solid lines. Error bars are shown but
are smaller than the point symbols for some diameter bins.
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Even in a weak fluvial regime on Noachian Mars, the lack of vegetation
should have limited the accumulation of a thick sedimentary cover on
uplands, leading to a sharp contrast between gently to moderately sloping
erosional pediments underlain by regolith and flatter depositional plains
with thick sedimentary fill. The sparse fluvial dissection with many local
depositional centers (including small craters) suggests more locally than
regionally integrated sediment transport pathways. The Martian highlands
do not appear to have experienced integrated drainage until around the
N/H transition, and then mainly on long preexisting slopes (Irwin
et al., 2011).

Other observations suggest that the variable resistance of Martian
stratigraphy may have controlled scarp retreat and the evolution of some
highland pediments. Particularly in the more fluvially dissected Terra
Cimmeria, some Noachian impact craters have an inclined Intercrater 1
planation surface outside their rims, bounded by a low escarpment that
drops down to another planation surface at a lower level (Figures 7c and
7d). This morphology suggests that thicker and/or coarser ejecta close to
a crater rim were more resistant than the underlying regolith, causing
scarp retreat into strong-over-weak stratigraphy.

4.3. Sloping Aggradational Surfaces

Sloping aggradational surfaces onMars are defined by a unidirectional gra-
dient with mostly buried or eradicated Noachian craters. Some low-lying
aggradational surfaces are ejecta blankets of adjacent Noachian degraded
craters (Figures 7b and 7c), with>1.5° gradients that are steeper than typi-
cal basin fill. Others are gently sloping buried swales in the lower reaches of
integrated drainage, with no obvious source of contemporary crater ejecta
(Figure 7a), suggesting a possible origin as an alluvial plain (Howard et al.,
2005). Various channeling across their surfaces indicates that they
transitioned to an erosional regime at some point in time, perhaps during
the main epoch of valley development around the N/H boundary.
Although they experienced net aggradation and lesser degradation at
different points in time, the sloping aggradational surfaces occupied an
intermediate position between stable to erosional surfaces upgradient
and flat depositional plains downgradient for most of the Noachian Period.

4.4. Depositional Plains

The flat-floored morphology of Martian degraded craters was evident in
Mariner flyby imaging (Sharp, 1968). Flat or gently inward-sloping plains
(<1.5°) formed on crater floors, with a sharp break in slope separating
them from the steeper crater walls (Craddock & Howard, 2002). These
are low-relief surfaces with no prominent alluvial fans. Similarly, intercrater

basins usually have sharp contacts between the basin floor and the surrounding upland surfaces, and their
contributing N/H valley networks rarely have positive-relief terminal deposits (Malin & Edgett, 2003). These
floor deposits are hundreds of meters to more than a kilometer thick (Forsberg-Taylor et al., 2004), such that
even large craters of tens of kilometers in diameter became buried or embayed there. The lack of significant
burial outside of basins suggests that sediment derived from upland escarpments and pediments preferen-
tially accumulated in these long-term depositional centers. Lava flows also resurfaced some basin floors, like
the Gusev crater floor that was investigated by the Spirit MER (e.g., Arvidson et al., 2006).

In a thicker early atmosphere, wind would have redistributed sand and fine-grained products of weathering
on intercrater planation surfaces (e.g., Malin & Edgett, 2000), helping to fill and erase small craters or other
irregularities in the landscape. This process occurs in very small craters today, for example, on the Gusev cra-
ter floor (Golombek et al., 2006). Silt and dust should be distributed widely by wind, including numerous dust

Figure 9. Example Noachian crater walls and floors in the Libya Montes
study area. The original rims and slump terraces are partly degraded, but
not deeply dissected. Much of the visible dissectionmay date to the epoch of
valley network incision around the Noachian/Hesperian boundary. The crater
walls are more resistant to wind than the etched surficial material on the
crater floors. Little resistant coarse-grained material has accumulated at the
base of the crater walls, leaving a sharp break in slope at the base of the walls.
(a) CTX D21_035418_1747, centered at 4.0°S, 80.4°E. Note the circular feature
at the bottom of the frame, a likely buried crater. (b) CTX P19_008452_1798,
centered at 0.5°S, 88.6°E. See Figure 3 for locations and context.

10.1029/2018JE005681Journal of Geophysical Research: Planets

CAWLEY AND IRWIN III 12

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67



devils, but we find no evidence for a thick, widespread eolian mantle in the study areas. The Mountain,
Intercrater 1, and Intercrater 2 units show no evidence of deep burial in the past (e.g., thick and/or extensive
fine-grained mantles, pedestal craters, or other erosional remnants). In this context, the wholesale burial of
large impact craters on flat basin floors would require a separate mechanism for stabilizing sand and
fine-grained sediments once they arrived in basins. Andrews-Hanna et al. (2010) argued that the location
of sedimentary rock on Mars reflects where it was ultimately cemented, not where the sediments had been
transported in the past. To explain the nearly flat-lying, laterally restricted deposits confined to basin floors,
either the sediment transport process was gravity driven, the stabilization process was limited to basin floors,
or some combination applied.

The first hypothesis is that sediment transport was dominantly fluvial, despite the limited dissection of
intercrater pediments. We discuss fluvial erosion in more detail in section 4.6.

The second hypothesis involves a topographically restricted way to stabilize sediment. The simplest
mechanisms are cementation or emplacement of a lag. In Gusev crater, Peace Class sedimentary rock is
composed of sulfate-cemented grains of ultramafic sand (Squyres et al., 2006). The sulfate-cemented basaltic
sandstone found by the Opportunity MER is the most compelling evidence of groundwater cementation on
Mars to date (Landis et al., 2004). The hematite concretions in the same deposit are a lag-forming material
that stabilizes the present surface against further deflation (Arvidson et al., 2004), having been concentrated
on the surface by up to a few meters of prior deflation (Soderblom et al., 2004).

Original basaltic materials tend to weather in order of susceptibility, approximately: glass ~ olivine >

plagioclase > pyroxene > opaque and refractory minerals (Eggleton et al., 1987; Salvatore et al., 2013). The
specific alteration paths of basaltic materials differ with pH, as described by Tosca et al. (2004). Chemical
weathering products of basalt include goethite, amorphous silica, iron smectite, and other clay minerals
(Eggleton et al., 1987), any of which might be a useful stabilizing agent for sedimentary deposits.
Geochemical studies by Chemtob et al. (2017) suggest that Noachian basalt weathering may have
encouraged reduced iron smectites, whereas later oxidation would favor a transition to oxidized iron
smectite and hematite. The presence of opaline silica at Gusev crater provides geochemical evidence of
potential opal crust emplacement in Martian basaltic sediments (Milliken et al., 2008). Hydrated silica may
play a more important part in Noachian pedogenesis and cementation than has been appreciated
(Graham & Cawley, 2017; McLennan, 2003).

In any event, a hypothetical cementation process must have been strongly concentrated on basin floors,
implying flow of surface water and/or groundwater rather than a spatially uniform process. Even in hyperarid
regions (P/Ep < 0.03 in the UNESCO, 1979, scheme), the wetting of sedimentary deposits may be concen-
trated in basins, particularly if it involves surface water or groundwater that is sourced from higher elevations
(e.g., in the Atacama Desert of northern Chile; Stoertz & Ericksen, 1974). In a low-energy geomorphic setting,
the gentle inward slopes of most crater floors may reflect the gradient at which rain splash or sheetwash
would rework surface materials before they became cemented.

As an alternative, a coarse-grained lag of fluvial sediments or ballistically emplaced material would be
effective at armoring sedimentary fill (e.g., Howard et al., 2016), and it also would explain the flat floors.
This alternative does not require a large fraction of coarse material, because lags are often a single grain in
thickness and may be discontinuous (e.g., Cooke Q8et al., 2006). Even in the thin Martian atmosphere of the
Amazonian Period, saltating sand has moved granules and organized granule-coated eolian bedforms
(e.g., Bridges et al., 2015), which may have played a significant role in stabilizing surfaces. Wells et al.
(1995) showed that lags can accumulate eolian dust deposits beneath them, raising the lag surface on the
order of ~1 cm/kyr. To explain the concentrated deposits on basin floors, however, a supporting process
would have to remove similar dust deposits from the surrounding upland slopes.

Many basin floors have a mantle of Hesperian lava or basaltic sandstone (e.g., Edwards et al., 2014; Rogers
et al., 2018), so it is important to note that the present surface may not reflect the Noachian
stabilizing process.

4.5. Geologic and Tectonic Context

Mars has been a single-plate planet for most or all of its history, at least since the origin of the crustal
dichotomy (e.g., Solomon, 1978; Watters et al., 2007), which is the oldest feature in the Martian geologic
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record (Irwin & Watters, 2010). Noachian intercrater planation surfaces formed over 108-year timescales in a
metastable tectonic setting, where impacts were the main relief-forming process. Here we address two
related issues: the applicability of a classic “geographical cycle” model of landscape evolution (Davis, 1899)
in a landscape with no tectonic uplift and few drops in base level and the characteristics of impact craters that
would limit incision of fluvial channels.

The science of geomorphology predates plate tectonic theory, and early concepts did not fully appreciate the
dynamic nature of Earth’s surface, particularly near plate boundaries. The geographical cycle model of Davis
(1899) involves a rapid orogeny followed by progressive erosion of a landscape to a low-relief late stage,
termed a peneplain. This concept fell out of favor when clear examples were rarely if ever identified in the
field (e.g., Daly, 1899). The cycle of uplift and erosion on early Mars is more like Davis (1899) described,
however, because impacts are instantaneous events, and most of the landscape did not experience
ongoing uplift.

The multibasin landscape of the Martian highlands has several major relief elements related to impact
cratering, which are described here in order of declining scale. (1) The crustal dichotomy is the oldest and
largest topographic feature on Mars, dating to the Early Noachian Epoch or pre-Noachian Period, depending
on which stratigraphic timescale is used (Tanaka, 1986; Tanaka et al., 2014). (2) The basaltic crust of Mars was
heavily impacted prior to about 3.8 Ga, leading to saturation of impact craters at ~40- to 90-km diameters in
the oldest areas of the highlands (Irwin et al., 2013). (3) Ejecta from the Hellas, Isidis, and Argyre impact basins
buried the pre-Noachian cratered terrain identified by Frey (2006) in the Early and Middle Noachian Epochs
(e.g., Werner, 2008). These events left older buried basins with moderate interior slopes, in sharp contrast to
the ~10–20° maximum interior wall slopes of typical of Middle and Late Noachian degraded craters (Mangold
et al., 2012). (4) Numerous additional impact craters formed on these surfaces, so much of the exposed
regolith was excavated from local craters rather than directly from Hellas or Isidis, but some of it is reworked
Hellas and Isidis ejecta. (5) These later Noachian craters degraded in the manner described by Craddock et al.
(1997), through scarp retreat and infilling.

As described by Forsberg-Taylor et al. (2004), the infilling of an impact crater reduces the relief of the crater
wall and with it the contributing area for fluvial erosion of the wall. The interior wall slope also declines by
~10° (Mangold et al., 2012). In contrast to the Earth, where landscapes can be rejuvenated through tectonic
uplift or various processes that change the base level for erosion, tectonically stable Mars had no mechanism
to offset this negative feedback between crater wall erosion and the stream power of crater wall drainage as
basins filled with sediment. For this reason, impact crater walls become less susceptible to fluvial erosion
with time.

As a relief-forming process, impact cratering is not a highly effective way to rejuvenate landscapes. Impact
craters are circular features that would radially disperse any flow generated from their exterior surfaces.
Impact ejecta are initially permeable and have a concave-up radial profile that is reasonably graded for
streamflow, providing little opportunity for deep incision of streams beyond the vicinity of the rim. The
interior walls initially have high relief and steep slopes, but both decline over time (particularly the relief).
If a crater wall retreated or the exterior surface aggraded or flooded such that water could overtop a crater
rim, then the resulting base level drop could lead to dissection of the outlying surface. This situation was rare
in the study areas, however, prior to the N/H boundary. Where older adjacent basins became integrated, it
typically was through aggradation of one or both basin floors to bury the shared divide, rather than through
overflow of water and incision of a narrow gap. These considerations imply that a cratered surface would
require little geomorphic work to become a pediment.

In this light, the classic “geographical cycle”model of landscape evolution (Davis, 1899) pertains to Mars with
respect to tectonic stability and eventual development of stable geomorphic surfaces. It differs from the
terrestrial application, however, in that the initial conditions and paleoclimate did not encourage rapid
erosion, so a stable end state was achievable without a lot of geomorphic work. The planation surfaces that
we describe here are not peneplains in the traditional sense.

4.6. Aqueous Weathering and Hypo-Fluvial Erosion

Given the limitations imposed by tectonic stability and prevalent crater ejecta that would not generate runoff
efficiently, it may not be surprising that the Noachian highlands are sparsely dissected. Valley networks did
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form over much of the planet around the N/H transition, however (e.g., Fassett & Head, 2008b), so the
landscape could generate erosive runoff given an adequate water supply. Here we suggest that aqueous
weathering and low-magnitude (hypo-)fluvial erosion may explain the aspects of scarp retreat,
pedimentation, and basin infilling that are difficult to attribute to other physical processes during the
remainder of the Noachian Period.

We focus our interpretation on fluvial erosion because other geomorphic processes would not produce the
size range, age relationships, and rim morphology of degraded craters on Mars (e.g., Craddock et al., 1997;
Craddock & Maxwell, 1990, 1993). Periglacial processes did not strongly modify equatorial highland craters,
which maintained steep interior slopes during their degradation (e.g., Kreslavsky & Head, 2003). Volcanic
infilling is particularly hard to reconcile with prolonged Noachian crater degradation, because of the need
to sustain it (at least intermittently) and reproduce local relationships between the relative age and
degradation of craters consistently on a global scale. Volcanic infilling also does not explain the degradation
of crater rims. Mass wasting, including diffusion by small impacts, has modified craters on Mars and airless
worlds (e.g., Craddock & Howard, 2000; Fassett Q9and Thomson, 2014), but it is much less effective on plains
than on slopes. Our mapped Intercraters 1 and 2 units represent cratered terrain that was never deeply
buried, indicating a limited role for airfall mantling over time. The net infilling of basins and resurfacing of
pediments, including the loss of all Noachian craters <4–8 km in diameter and extensive losses up to a
few tens of kilometers (Irwin et al., 2013), require lateral redistribution of sediment.

On Earth, most of the geomorphic work accomplished by streams takes place during floods (Wolman &Miller,
1960). The erosion of headwater areas depends more strongly on larger floods (along with steeper slopes),
because of the smaller contributing area and typically larger clast or block diameter of the substrate (Wohl,
2000, pp. 141–143). Where streams cannot transport the substrate material, the weathering rate limits the
erosion rate (weathering-limited conditions). Where transportable material is abundant, but runoff is not,
transport-limited conditions apply. A loose regolith may be weathering-limited under one set of conditions
and transport-limited under another.

During the bulk of the Noachian Period, escarpments retreated, intercrater surfaces were smoothed, and
sediment accumulated in basins, but there was little fluvial dissection. Around the N/H boundary, streams
incised older intercrater surfaces to form valley networks, and hundreds of basins flooded and overflowed
(Fassett & Head, 2008a). Howard et al. (2005) offered three possible explanations for the incision of valley
networks: increased water supply, reduced sediment supply, or stabilization of the surface through
development of a duricrust. We favor the former explanation, because it explains the contemporary
paleolakes and is more straightforward to stop suddenly, for example, through freezing over a northern
lowland sea. Duricrusts, however, may also have been an important contributing factor to both runoff
production and sediment stabilization.

In a hypo-fluvial regime earlier in the Noachian Period, deposition of impact ejecta exceeded fluvial and
eolian denudation, leading to the net aggradation of the highland intercrater surfaces that Matsubara
et al. (2018) found when reproducing the topography of two study areas in a landscape evolution model
(see also the Noachian craters with intact ejecta in Figures 5d, 7c, and 7d). These are transport-limited
conditions in one sense, because the regolith could be transported if adequate runoff were available.
Under the inferred Noachian arid or hyperarid conditions, however, coarse-grained regolith behaved as
weathering-limited bedrock and developed stable pediments. The fine- or medium-grained products of
chemical and mechanical weathering of basalt were preferentially removed and concentrated in basins.
This concept predicts that most of the Noachian basin fill would consist of these products.

The lack of prominent deposits where most valley networks debouch into basins suggests that streams were
transporting mostly sand and/or fine-grained sediment around the N/H boundary, that is, grain sizes that
could be distributed across basin floors by unconfined flow or subsequently reworked by wind or waves.
The apparent lack of adjustment of basin fill to N/H valley network activity suggests that the earlier
sedimentary deposits were similarly fine or medium grained.

Thresholds for weathering and erosion would be very important factors in a hypo-fluvial regime, because the
environment generally would not exceed those thresholds by wide margins. The following six progressive
thresholds would be particularly significant. The water supply needed in each case would be lower in a cool
desert than a warm one.
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1. Adequate surface water to chemically weather basalt. This lowermost threshold is essential for Noachian
crater degradation, which does not occur significantly in the present climate, and most of the highland
surface is now stable over 109-year timescales. Above the weathering threshold, water may infiltrate a
surface and subsequently evaporate, allowing dissolution, recrystallization, and/or ice fracturing in
addition to chemical weathering. Desert varnish, opal and hyaline silica, or near-surface duricrusts may
form (Channing & Butler, 2007; Graham & Cawley, 2017; Perry et al., 2006; Thiagarajan & Lee, 2004) at
interfaces with fog, fine and intermittent rain, or condensation.

2. A small water supply that is not fully retained in a vadose zone, such that it maintains a deep water table
but does not generate overland flow. Duricrusts, interstitial phyllosilicates, hydrated silica, and other
secondary materials can form in these settings (Glotch et al., 2010). A water supply near these first two
thresholds would be consistent with a hyperarid desert.

3. A water supply that exceeds the infiltration capacity during occasional events, generating sheet flow and
perhaps some channelized flow, but no long-distance flow. This runoff could move fine- or
medium-grained sediments and soluble materials downslope over time. Rain splash may be a feature
of this level of water supply.

4. A water supply that exceeds the infiltration capacity by enough to transport sediment and incise channels.
Recurring flow encourages weathering of the substrate and further channel incision. A water supply near
thresholds 3 and 4 is common in terrestrial arid deserts.

5. A water supply of sufficient event magnitude and frequency to maintain small perennial lakes against
evaporation and incise long channels or valleys. This threshold is exceeded in semiarid climates and
apparently around the N/H boundary on Mars.

6. A water supply that exceeds the potential evaporation, such that many or all basins overflow, and the
surface has fully integrated drainage. Mars does not appear to have ever exceeded this threshold.

In a low-energy hypo-fluvial regime, the long-term deterioration of resistance to erosion (e.g., weathering,
comminution, and pedogenesis) can reduce the intrinsic thresholds for erosion, without needing to invoke
large events with increased driving forces (Phillips, 1995; Ritter, 1988; Ritter et al., 2011). Under these
conditions, the disintegration of surface material could occur while external variables remained essentially
constant, with only gradual, often imperceptible, changes within the system (Schumm, 1973).

As an example, the weathering of basaltic bedrock to clay and accumulation of clay in the interstitial space
within the regolith or in small basins would strongly reduce the magnitude of rainfall or snowmelt that is
needed to generate ponding or overland flow. In terrestrial analogs such as arid tropical soils, illuviation
and soil sealing by clays significantly limits further infiltration and increases potential surface flow
(Amézketa Lizárraga et al., 2003 Q10; Ben-Hur & Lado, 2008). In terrestrial badlands, sealed lower alluvial surfaces
can produce overland flow during rain events before adjacent upland escarpments, although fine materials
erode far faster from unprotected escarpment surfaces when rain events continue further to soil saturation
(Cerdà & García-Fayos, 1997).

Over the long term, water appears to have been the dominant erosional agent in our study areas, but
precipitation must have been intermittent, of short duration, of low intensity, or some combination that
would not deeply dissect the intercrater planation surfaces until around the N/H boundary. We see no
indication that Mars ever experienced the kinds of strong storms that rain >10 cm in a day on Earth (e.g.,
deeply and densely dissected upland areas, lobate debris flows, or widespread coarse-grained deposits at
the base of escarpments), even around the N/H boundary. We do not imply prolonged steady state
conditions. Hypo-fluvial conditions would involve mostly surface wetting, infiltration, and sheet wash with
minor channelized flow, like what is common on arid-zone terrestrial pediments. In this way, prominent
features in the landscape would be preferentially exposed to weathering, and low areas would be filled
and indurated, thus eliminating small-scale roughness features in the landscape without overdissecting it.

Fluvial erosion did not act alone. Fluvial erosion rates are higher at the base of an escarpment, where the
contributing area is greater, than at the crest (Heimsath et al., 2006). This relationship has helped to maintain
the steep terrestrial passive margin escarpments that have retreated ~1 km/Myr since the Jurassic to
Paleogene breakup of Gondwana (Braun, 2018). Noachian crater wall retreat on Mars was more than an order
of magnitude slower than these terrestrial examples (e.g., 2.5–7.5 km of retreat for a 50 km crater over
~108 Myr timescales, as discussed in section 4.1), and it occurred primarily during heavy bombardment.
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We interpret scarp retreat on early Mars as the interaction of hypo-fluvial erosion as conceptualized here
and a diffusive component (including small impacts), where water preferentially weathered and eroded
the base of the slopes, and diffusive processes served to relax them (e.g., Craddock et al., 1997). Eolian
reworking would be locally important as well, dependent on cementation processes that were concentrated
in basins.

5. Conclusions

1. Pre-Noachian to Middle Noachian impact cratering, deposition of big-basin ejecta, and uplift of the Isidis
rim established the macroscale topography of the highland intercrater planation surfaces in our three
study areas. Subsequent erosion and deposition significantly reduced the microscale to mesoscale relief
within the landscape but did not erase these regional foundations. Younger Noachian impact craters were
degraded in proportion to their relative ages (e.g., Forsberg-Taylor et al., 2004), in many cases without
being strongly buried or denuded, suggesting that the intercrater planation surfaces formed slowly over
>108-year timescales during the Noachian Period.

2. Noachian geomorphic processes produced debris-mantled escarpments, regolith pediments (both of
which were erosional surfaces), sloping aggradational surfaces, and flat depositional plains (both of which
were depositional under nominal conditions). Gently to moderately sloping, relatively stable regolith
pediments served as both erosion and transportation surfaces, whereas low-lying aggradational slopes
and basin floors received sediments derived from the escarpments and pediments above. Some basins
likely contain volcanic fill as well.

3. The concentration of aggradational surfaces in low-lying areas of the landscape indicates a gravity-driven
erosional process and/or cementation mechanism, both of which are consistent with water. Crater
degradation does not occur significantly in the study areas under the present atmosphere, and the
reduction of crater rims requires active weathering in the past. Much of the weathering occurred below
the threshold for channelized fluvial flow, because crater walls did not become deeply dissected.
Occasional higher (above threshold) fluvial regimes may have achieved localized transport on regolith
pediments and significant net transport downslope over long periods of time. Most surfaces did not
experience deep fluvial dissection, suggesting that precipitation rates were low and very rarely exceeded
threshold conditions for channelized flow or gullying. Slow scarp retreat also included a diffusive
component, including from small impacts.

4. Eolian processes would have been more active under a thicker early atmosphere. Wind may have been
responsible for the local reduction of microscale relief and some of the long-distance sediment transport
into basins, but the lithification on basin floors implies flow of water and/or development of a
topographically restricted lag.

5. Slow weathering of basalt to clay and iron oxides may have facilitated erosion in low-energy hypo-fluvial
systems over extremely long periods of time. Soil sealing of interstitial regolith spaces by clay particles
may have had significant effects in decreasing infiltration, increasing subsequent local erosion, and
ponding, setting the stage for the N/H fluvial activity.

6. Development of coarse-grained, fluvially or ballistically emplaced lags, concretions or aqueous cementa-
tion may have stabilized fine- or medium-grained sediments in place on low-relief, low-lying depositional
surfaces, limiting subsequent eolian deflation. The processes of stabilization were concentrated on basin
floors, suggesting a role for flowing surface water or groundwater rather than regionally uniform wetting.
Typical products of basalt weathering provide viable means to cement sedimentary deposits in basins.

7. Impact crater topography is radially dispersive in plan view, concave-up in cross section, and high in per-
meability, making it less susceptible to fluvial erosion. Cratered surfaces would require little geomorphic
work to evolve into stable pediments.

8. The most deeply denuded parts of our study areas are the debris-mantled escarpments, which retreated
linearly (tectonic scarps) or radially (crater walls) into adjacent uplands. The maintenance of maximum
10–20° slopes over ~108-yr timescales indicates very little creep related to freeze-thaw, wetting-drying,
or other processes. We do not know whether the ground was frozen or thawed most of the time, but it
did not frequently transition between the two in the presence of water. The lack of deep dissection of
the escarpments or accumulation of alluvial fans at their base indicates that gravel was either not gener-
ated or not transported downslope in quantity. Martian escarpments are morphologically similar to
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Richter denudation slopes, which maintain steep gradients over time through efficient removal of
weathered debris, with little fluvial erosion or slope processes that would move coarse material and relax
the slope.
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