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A B S T R A C T

The Ma’adim Vallis channel system extends ~900 km northward across the highlands of Terra Cimmeria into Gusev crater. Formation of this system has previously
been attributed to the past operation of aqueous processes variously involving periodic surface runoff from adjacent intercrater plains, releases from one or more
highland lakes, sudden and voluminous effusions of groundwater, and/or basal sapping. Some researchers have interpreted Ma’adim Vallis as a product of multiple
discrete episodes of highland water flow that collectively occurred over a broad time frame extending from the Noachian to the Amazonian, but others have favored
catastrophic development of the system as a result of the partial drainage of a long-lived lake hypothesized to have existed in the Eridania basin in the Late Noachian.
Problematically, clear geomorphological and mineralogical evidence is lacking for the past voluminous flow of water along Ma’adim Vallis, and for the existence of
one or more long-lived water bodies in adjacent highlands. Instead, the properties of Ma’adim Vallis suggest dry volcanic origins involving effusions of low-viscosity
flood lavas from multiple highland sources during the Noachian and Hesperian. The geochemistry of lavas accumulated near the mouth of Ma’adim Vallis suggests
viscosities sufficiently low to have allowed for substantial incision into bedrock substrates if lavas were erupted at high effusion rates and with high total volumes.
Formation of Ma’adim Vallis is estimated to have required effusion of a minimum lava volume of ~112,000 km3. Development of many other highland channel
networks on Mars is expected to have involved analogous volcanic processes.
1. Introduction

Ma’adim Vallis is a Martian channel system that is located in the
highlands of Terra Cimmeria and terminates at Gusev crater (Milton,
1973; Sharp and Malin, 1975; Baker, 1982; Schneeberger, 1989; Gold-
spiel and Squyres, 1991; Cabrol et al., 1996, 1998ab; Carr, 1996; Kuzmin
et al., 2000; Aharonson et al., 2002; Irwin et al., 2002, 2004) (Figs. 1 to
3). The main channel has typical widths of ~8–15 km but widens to ~25
km near its mouth (e.g., Sharp and Malin, 1975; Schneeberger, 1989;
Irwin et al., 2002). The system is characterized by geomorphic features
such as terraces, inner channels, and immature and theater-headed
tributary valleys (e.g., Schneeberger, 1989; Cabrol et al., 1998a,b;
Gulick, 2001; Aharonson et al., 2002). Initial formation of Ma’adim Vallis
is believed to have taken place at the end of the Noachian, with some
additional development possibly taking place in the Hesperian and
Amazonian (e.g., Cabrol et al., 1998a; Irwin et al., 2004).

Ma’adim Vallis has been widely interpreted as a product of aqueous
processes involving surface runoff from adjacent plains, overflow from
one or more large lakes, catastrophic effusions of groundwater, and/or
groundwater sapping (e.g., Sharp and Malin, 1975; Cabrol et al., 1998a;
Irwin et al., 2002, 2004; Fassett and Head, 2008; Baker and Head, 2012).
Aqueous interpretations of this system have suggested earlier warm and
wet conditions on Mars and the possible occurrence of precipitation (e.g.,
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Goldspiel and Squyres, 1991; Cabrol and Grin, 2001; Irwin et al., 2002),
and have highlighted the potential exobiological importance of compo-
nent channels, the system terminus at Gusev crater, and associated basins
of the southern highlands (e.g., Landheim et al., 1994; Cabrol et al.,
1994, 1996, 1998a,b; Grin and Cabrol, 1997; Kuzmin et al., 2000; de
Pablo and Fair�en, 2004; Davila et al., 2011).

In contrast with earlier perspectives, it is now apparent that Ma’adim
Vallis lacks the clear sedimentary and geochemical signatures expected
of formation as an aqueous system, and instead has properties consistent
with dry volcanic origins involving the eruption of low-viscosity lavas
from multiple highland sources. The purpose of this paper is to introduce
a volcanic interpretation of Ma’adim Vallis, and to present estimates of
possible flow conditions and the minimum volume of lava required to
form the system. The implications of volcanic origins for our under-
standing of the nature and history of Mars are explored.

2. Overview of the Ma’adim Vallis channel system

The Ma’adim Vallis channel system extends ~900 km northward
across the highlands of Terra Cimmeria into Gusev crater (Figs. 1 to 5).
The system has an average longitudinal gradient of ~0.13�, with
component channels and valleys characterized along many reaches by
steep walls and flat floors, and with typical channel depths of ~700
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Fig. 1. Topography and shaded relief of the Ma’adim Vallis and Eridania basin region. The1,100 m contour that defines the main extent of a lake previously hy-
pothesized to have existed within the Eridania basin is given. Large fields of flat-topped mesas and rounded knobs located along the floors of impact basins, named
after their associated basins, include: AR: Ariadnes Colles; AT: Atlantis Chaos; GC: Gorgonum Chaos; CC: Caralis Chaos; SC: Simois Colles. The locations of selected
areas depicted in Fig. 6 and 8 are given. Mars Orbiter Laser Altimeter (MOLA) data after Smith et al. (2003). Lambert azimuthal equal-area projection.
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m–2300 m below adjacent highlands (e.g., Schneeberger, 1989; Gold-
spiel and Squyres, 1991; Cabrol and Grin, 1998a; Irwin et al., 2002,
2004). An inner channel is incised into terraces that are present along
some system reaches, which has suggested multiple episodes of system
development (e.g., Goldspiel and Squyres, 1991; Landheim et al., 1994;
Cabrol et al., 1996; Kuzmin et al., 2000) (Fig. 6b). Tributary valleys to the
main Ma’adim Vallis channel are relatively short and immature (Fig. 6a),
with convex-up longitudinal profiles, and in some cases have abrupt
theater-shaped heads (e.g., Cabrol et al., 1998a; Gulick, 2001; Aharonson
et al., 2002; Irwin et al., 2004). Adjacent highland plateaus of Terra
Cimmeria and Terra Sirenum are predominantly comprised of cratered
and dissected terrains of Noachian age that show evidence for multiple
periods of resurfacing in the Noachian, Hesperian, and Amazonian (e.g.,
Scott and Tanaka, 1986; Greeley and Guest, 1987; Goldspiel and Squyres,
1991; Baker and Head, 2012; Molina et al., 2014; Tanaka et al., 2014;
Adeli et al., 2015; Bro�z et al., 2015; Pajola et al., 2016; Michalski et al.,
2017) (Fig. 4a). Much of the main Ma’adim Vallis channel has relatively
flat floors (Fig. 7) that are ridged in places. Ma’adim Vallis enters Gusev
crater through a breach in its southern rim, and a separate breach opens
northwestward toward the northern lowlands, suggesting past flow into
and beyond Gusev crater (e.g., Schneeberger, 1989; Goldspiel and
Squyres, 1991; Scott and Chapman, 1995; Kuzmin et al., 2000). Promi-
nent volcanic cones in the vicinity of Ma’adim Vallis include Apollinaris
Mons in the Elysium region to the north (Fig. 1) and Apollinaris Tholus
and Zephyria Tholus in the highlands of Terra Cimmeria to the west
(Figs. 2 and 3). Estimates of thermal inertia (Fig. 4b) indicate that the
Ma’adim Vallis channel system is partly mantled by fines that can
obscure underlying rock, especially along the middle and northern rea-
ches of the system (e.g., Putzig et al., 2005; Edwards et al., 2009); along
Ma’adim Vallis itself and at adjacent highlands, typical thermal inertia
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values derived from data collected by the Thermal Emission Spectrom-
eter (TES) range from~150 to 240 tiu (Christensen and Fergason, 2013),
suggesting that mantling deposits composed of sand-sized or smaller
particles should be especially common here (e.g., Putzig and Mellon,
2007). The volume of material eroded to form Ma’adim Vallis and its
tributaries is ~14,000 km3 (e.g., Goldspiel and Squyres, 1991; Cabrol
et al., 1996; Gulick, 2001; Irwin et al., 2002, 2004; Luo et al., 2015).

Gusev crater is an ~160-km-wide impact feature that has a relatively
degraded rim and is extensively mantled by units that form plains that
are ridged in places (e.g., Landheim et al., 1994; Cabrol et al., 1998b;
Kuzmin et al., 2000) (Figs. 2, 3 and 6c). Two 30-km-wide impact craters
are superimposed upon the southern rim of Gusev crater, and are
themselves breached where Ma’adim Vallis enters from the south (e.g.,
Landheim et al., 1994; Cabrol et al., 1998b). Prominent terraces exist
along the inner margins of parts of Gusev crater and are separated by
lower-elevation plains, and fields of isolated mounds and mesas exist in
the southern part of the crater near the mouth of Ma’adim Vallis (e.g.,
Landheim et al., 1994; Grin and Cabrol, 1997; Cabrol et al., 1998b;
Kuzmin et al., 2000). The inner rim of Gusev crater is crossed in places by
small channels and valleys, and accumulations of mass-wasted materials
are present along the crater floor adjacent to the inner rim (e.g., Land-
heim et al., 1994; Cabrol et al., 1998b; Kuzmin et al., 2000). Immediately
north of Gusev crater, plains units are partly mantled by deposits
including those of the Medusae Fossae Formation (e.g., Scott and Tanaka,
1986; Kuzmin et al., 2000; Tanaka et al., 2014; Chuang et al., 2019).

Gusev crater was visited by the Spirit rover and found to be exten-
sively mantled by Hesperian-aged volcanic flows (e.g., Grant et al., 2004;
Golombek et al., 2005; Greeley et al., 2005) of a relatively pristine
mineralogical character that is indicative of little hydrous alteration (e.g.,
Squyres et al., 2004; Haskin et al., 2005; Morris et al., 2006; Mittlefehldt



Fig. 2. Topography and shaded relief of the Ma’adim Vallis region. The “Intermediate basin” of Irwin et al. (2002, 2004) is depicted (dashed circle), as are the heads of
two southern channels (black arrows). An example of an east-west oriented graben-like structure located near the head of Ma’adim Vallis is indicated by white arrows
at bottom-right. MOLA topographic data after Smith et al. (2003). Lambert azimuthal equal-area projection.
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et al., 2019). No sedimentary deposits of obvious lacustrine origin were
identified in data collected by the Spirit rover (e.g., Squyres et al., 2004),
though orbital data indicate that localized exposures of hydrated min-
erals such as phyllosilicates are associated with some plains units (e.g.,
Carter and Poulet, 2012). Noachian-aged outcrops visited by Spirit at the
Columbia Hills, which rise above adjacent Hesperian plains of Gusev
crater, contain materials in places that were moderately to pervasively
altered under low water-to-rock ratios, locally forming carbonates, sul-
fates, oxides, phosphates, halides, clays, and amorphous silica (e.g., Yen
et al., 2008; Ming et al., 2006; Squyres et al., 2006, 2008; Morris et al.,
2006, 2010; Carter and Poulet, 2012; Mittlefehldt et al., 2019).

The southernmost limits of the Ma’adim Vallis system are demarcated
by the upper reaches of two channels that commence full-born at gaps in
the northern divide of a large topographic basin (the “Eridania basin”)
that extends across the highlands of Terra Cimmeria and Terra Sirenum
(e.g., Irwin et al., 2002, 2004; Fassett and Head, 2008; Goudge et al.,
2018) (Figs. 1 to 3). As with highlands to the north, the Eridania basin is
comprised in part of numerous highly degraded impact craters of
Noachian age and is largely mantled by plains units that are ridged in
places and that were deposited in the Noachian, Hesperian, and
Amazonian (e.g., Tanaka, 1986; Scott and Tanaka, 1986; Greeley and
Guest, 1987; Hartmann et al., 2001; Irwin et al., 2004, 2013; Goudge
et al., 2012; Baker and Head, 2009, 2012; Molina et al., 2014; Tanaka
et al., 2014; Adeli et al., 2015; Bro�z et al., 2015; Pajola et al., 2016;
Michalski et al., 2017) (Fig. 6d). Structures of Sirenum Fossae extend
3

across parts of the Eridania basin (Figs. 1, 6h and 8d), and other struc-
tures with similar east-west orientations cut across the northernmost part
of this basin (Figs. 2 and 8c); the fractures that comprise the features of
Sirenum Fossae are associated with a broader radial fracture network
centered on Tharsis and believed to have been formed by the intrusion of
dikes (Wilson and Head, 2002; Anderson et al., 2019). TES thermal
inertia estimates indicate that parts of the Eridania basin are mantled by
fines (Fig. 4b); nevertheless, exposures of relatively high thermal inertia
materials are generally far more extensive than along much of the
Ma’adim Vallis system itself, allowing for the improved characterization
of local rock and bedrock mineralogy (Fig. 5). Large fields of flat-topped
mesas and rounded knobs, consisting of partly-eroded materials of Late
Noachian and Early Hesperian age that collectively have a superficial
resemblance to chaotic terrain, are located within the lower elevations of
several sub-basins including Ariadnes, Atlantis, and Gorgonum (e.g.,
Grant and Schultz, 1990; Howard and Moore, 2004; Capitan and Van De
Wiel, 2011; Baker and Head, 2009, 2012; Wendt et al., 2013; Molina
et al., 2014; Adeli et al., 2015; Michalski et al., 2017) (Figs. 1 and 6e).
Parts of the Eridania basin are mantled by light-toned and
Hesperian-aged Electris deposits (Fig. 6f), which have thicknesses of up
to ~500 m and are distributed across a wide range of elevations (e.g.,
Grant and Schultz, 1990; Grant et al., 2010; Baker and Head, 2012;
Molina et al., 2014). Channel systems of relatively limited extent and low
areal density exist within the Eridania basin (e.g., Baker and Head, 2009;
Howard and Moore, 2011; Adeli et al., 2015). Small cones and domes are



Fig. 3. Daytime Thermal Emission Imaging System (THEMIS) mosaic of the Ma’adim Vallis region. The locations of relevant areas depicted in Figs. 6–8 are given.
Mosaic courtesy of Arizona State University. Equirectangular projection.
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present here (e.g., Bro�z et al., 2015), and an irregularly-shaped crater
complex exists at the intersection of Sirenum Fossae and orthogonal
faults in Atlantis basin (e.g., Scott and Tanaka, 1986; Capitan and Van De
Wiel, 2011) (Fig. 6g). Hydrous minerals such as chlorides, sulfates, and
phyllosilicates are exposed at numerous locales of relatively limited
extent within the Eridania basin and adjacent regions, confirming that
some materials have interacted with water (e.g., Osterloo et al., 2008,
2010; Glotch et al., 2010; Davila et al., 2011; Ruesch et al., 2012; Carter
et al., 2013; Wendt et al., 2013; Adeli et al., 2015; Pajola et al., 2016;
Leask et al., 2017; Michalski et al., 2017) (Fig. 5c).

3. Past aqueous interpretations of Ma’adim Vallis

Formation of Ma’adim Vallis has been attributed to the past operation
of aqueous processes involving one or more of the following: 1) surface
runoff from adjacent intercrater plains (e.g., Schneeberger, 1989); 2)
releases from one or more large highland lakes (e.g., Cabrol et al., 1998a;
Irwin et al., 2002, 2004); 3) voluminous highland outflows of ground-
water at sites of chaotic terrain or at the structures that comprise Sirenum
Fossae (e.g., Landheim, 1995; Cabrol et al., 1998a b; Kuzmin et al., 2000;
Gulick, 2001); and 4) basal sapping by groundwater (e.g., Sharp and
Malin, 1975; Cabrol et al., 1998a; Gulick, 2001). Interpretations pre-
dominantly involving system development by large and sudden effusions
4

of groundwater suggest categorization of Ma’adim Vallis as an outflow
channel, whereas interpretations mainly involving other processes such
as sapping or precipitation-driven runoff generally treat the system as a
form of valley network (e.g., Parker, 2000; Gulick, 2001).

Aqueous interpretations of the Ma’adim Vallis channel system have
previously led to hypotheses that water was once ponded within Gusev
crater, within topographic basins located along the main channel of the
system, and possibly within adjacent basins of the northern lowlands and
southern highlands (e.g., Schneeberger, 1989; Goldspiel and Squyres,
1991; Cabrol et al., 1994, 1996, 1997, 1998a b, 1999; Grin and Cabrol,
1997; Cabrol and Grin, 2001; Carter et al., 2001; Irwin et al., 2002, 2004;
Fassett and Head, 2008). Gusev crater deposits located near the mouth of
Ma’adim Vallis have previously been hypothesized as the possible eroded
remnants of a lacustrine delta or other sedimentary fill, as have deposits
located near the mouths of several small valleys and channels incised into
the inner rim of the crater (e.g., Schneeberger, 1989; Goldspiel and
Squyres, 1991; Landheim et al., 1994; Grin and Cabrol, 1997; Cabrol
et al., 1998b; Irwin et al., 2002, 2004). Deposits within the channels of
Ma’adim Vallis, including some terrace and floor units, have previously
been interpreted as possible sedimentary materials emplaced in fluvial or
lacustrine environments (e.g., Cabrol et al., 1996, 1998b), though some
of these units have also been interpreted as products of non-aqueous
mechanisms such as aeolian processes (e.g., Kuzmin et al., 2000).



Fig. 4. Maps of surface geology (A) and
thermal inertia (B) for the Ma’adim Vallis
region and Eridania basin, overlain on hill-
shaded MOLA topography. Gusev crater is at
top center. Surface geology after Tanaka
et al. (2014). Geological classes: Nhe:
Noachian highland edifice unit; Nve:
Noachian volcanic edifice unit; eNh: Early
Noachian highland unit; mNh: Middle
Noachian highland unit; lNh: Late Noachian
highland unit; HNt: Hesperian and Noachian
transition unit; eHv: Early Hesperian volcanic
unit; Hve: Hesperian volcanic edifice unit;
AHtu: Amazonian and Hesperian transition
undivided unit; AHi: Amazonian and Hespe-
rian impact unit (Tanaka et al., 2014).
Thermal inertia (purple: ~40–90 tiu; dark
blue: ~120–160 tiu; cyan: ~190–240; green:
~260–280 tiu; yellow: ~320–360 tiu; red:
~420–460 tiu) derived from measurements
generated by the Thermal Emission Spec-
trometer (TES) (Christensen et al., 2001).
The 1100 m contour of the main part of the
previously hypothesized Eridania lake is
given (dotted outline). Base maps generated
using JMARS (Java Mission-planning and
Analysis for Remote Sensing) software.
MOLA topographic data after Smith et al.
(2003). Equirectangular projection. (For
interpretation of the references to colour in
this figure legend, the reader is referred to
the Web version of this article.)
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Based in part on information collected in situ by the Spirit rover, clear
examples of lacustrine sedimentary deposits are now recognized as
missing in Gusev crater, and such deposits are widely assumed to have
been buried by younger lava flows (e.g., Squyres et al., 2004). The hy-
drated Noachian-aged outcrops in the Columbia Hills are interpreted by
some workers as possible products of evaporative precipitation or other
processes operating in past lacustrine environments (e.g., Carter and
Poulet, 2012; Ruff et al., 2014), though other interpretations have sug-
gested alteration in highly localized hydrothermal environments that
need not have been associated with such environments (e.g., Yen et al.,
2008; Morris et al., 2010; Mittlefehldt et al., 2019).

Some researchers have previously interpreted Ma’adim Vallis as a
product of multiple discrete episodes of flow that collectively occurred
over a broad time frame extending from the Noachian to the Amazonian,
with individual flow episodes separated by extended periods of geolog-
ical time during which little or no system development took place (e.g.,
Grin and Cabrol, 1997; Cabrol et al., 1998a,b). The short and immature
character of tributaries at Ma’adim Vallis has argued against sustained
erosion by precipitation-related runoff, and has instead suggested the
predominance of groundwater-related mechanisms such as sapping in
5

channel formation (e.g., Cabrol et al., 1998a; Gulick, 2001; Aharonson
et al., 2002). On Earth, sapping is ultimately driven by infiltration from
the surface (e.g., Schumm et al., 1995), but the melting of ground ice as a
result of hydrothermal processes or global swings in climate has been
hypothesized as a process that may have driven the mobilization and
release of groundwater in the Ma’adim Vallis region in such a manner as
to accentuate the morphological signatures of groundwater processes
over those of surface overflow (e.g., Cabrol et al., 1998a b). For example,
some tributaries of Durius Valles (a valley network located immediately
west of Ma’adim Vallis; see Figs. 2 and 3) originate in the vicinity of
Zephyria Tholus, which has suggested to some workers the possible
thermal influence of igneous plumbing systems on subsurface volatile
stores in the region (e.g., Brakenridge, 1990; Cabrol et al., 1998a).
Similarly, flow of groundwater from the structures that comprise Sir-
enum Fossae (Fig. 1) has been hypothesized for the highlands located
south of Ma’adim Vallis and linked to the operation of ancient hydro-
thermal processes driven by Tharsis volcanism (e.g., Landheim, 1995;
Cabrol et al., 1997; Cabrol et al., 1998a b).

In contrast with earlier interpretations of Ma’adim Vallis as a product
of numerous separate phases of development that occurred over



Fig. 5. OMEGA (Observatoire pour la Mineralogie, l’Eau, les Glaces et
l’Activit�e) maps of pyroxene (A), high-olivine materials (B), and hydrous min-
erals (C) for the Ma’adim Vallis region and Eridania basin. Gusev crater is at top
center. Pyroxene (blue ¼ lower abundances; green ¼ moderate abundances;
yellow and red ¼ higher abundances) and high-olivine maps (red ¼ ~10% to
>25% olivine) after Ody et al. (2012 ab, 2013). Sites of hydrous mineral ex-
posures after Carter et al. (2013). Areas of relatively good surface exposure of
coarser materials are highlighted by low-to-high pyroxene abundances in A;
other areas in A are depicted in shades of gray and are generally mantled by
relatively fine sediments dominated by anhydrous nanophase ferric oxides (Ody
et al., 2012a,b) that were generated by processes that did not involve liquid
water (Bibring et al., 2006). Mineral data are overlain on hillshaded MOLA
topography. The 1100 m contour of the main part of the previously hypothe-
sized Eridania lake is given (dotted outline). Base maps generated using JMARS
software. MOLA topographic data after Smith et al. (2003). Equirectangular
projection. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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extended periods of time, catastrophic formation of the system is hy-
pothesized by some workers to have occurred as a result of the sudden
partial drainage of a large and long-lived lake that is believed to have
existed in the Eridania basin during much of the Late Noachian and
6

possibly the Early Hesperian (mainly>3.8 Ga before present) (e.g., Irwin
et al., 2002, 2004; Michalski et al., 2017) (Fig. 1). In this scenario,
catastrophic floods from the lake are inferred to have occurred through
two gaps in the northern divide of the topographic basin containing the
lake (e.g., Irwin et al., 2002, 2004; Goudge et al., 2018) (Figs. 1 to 3). The
elevations of these gaps have implied a maximum lake highstand of ~1,
100 m to no more than ~1,250 m (Irwin et al., 2004) (Fig. 1). The total
lake volume is predicted to have been at least as great as ~210,000 km3,
of which ~160,000 km3 would have existed between the 950 m and
1100 m contours that define the water levels that could theoretically
have contributed to northbound floodwaters (Irwin et al., 2002; Fassett
and Head, 2008; Michalski et al., 2017). The initial pooling and
long-term persistence of standing water within the Eridania basin is
hypothesized to have been related to precipitation or, much more likely,
groundwater upwelling (e.g., Irwin et al., 2004; Kleinhans, 2005; Fassett
and Head, 2008; Baker and Head, 2012; see also Andrews-Hanna et al.,
2007); channels present in the Eridania basin are widely interpreted as
fluvial in origin (e.g., Grant and Schultz, 1990; Capitan and Van De Wiel,
2011; Howard and Moore, 2011), but the relatively small catchment area
of the hypothesized lake and the low density of associated valley net-
works has suggested no more than a minor role for surface runoff in lake
development (e.g., Fassett and Head, 2008; Baker and Head, 2009; Adeli
et al., 2015). The large bowl-shaped depressions that comprise much the
Eridania basin, in combination with the lower prevalence of channels
within the Eridania basin at elevations below ~700 m, have suggested
the long-term persistence of lake levels of at least 700 m during the main
time frame of highland channel incision in the region (Irwin et al., 2002,
2004; Adeli et al., 2015; Michalski et al., 2017). Initial northward over-
flow of the lake is hypothesized to have possibly been triggered by an
impact event, and is predicted to have initially led to the partial filling of
a relatively small basin (the “Intermediate” basin) centered along the
southernmost reaches of Ma’adim Vallis (Irwin et al., 2004) (Fig. 2). Peak
aqueous discharges exceeding ~5 � 106 m3/s have been estimated for
development of Ma’adim Vallis, with overall water-to-sediment ratios of
~6:1 to 19:1 (Irwin et al., 2004). The occurrence of multiple separate
flood events is considered possible but not essential (e.g., Irwin et al.,
2004; Kleinhans, 2005).

Following development of the Ma’adim Vallis system by catastrophic
floods, the remaining lake waters are expected to have been gradually
lost as a result of evaporation and seepage within closed basins (e.g.,
Adeli et al., 2015). Only limited channel incision is generally believed to
have taken place at Ma’adim Vallis and the Eridania basin following
hypothesized flood events (e.g., Irwin et al., 2004), though water-related
processes are interpreted by some workers to have operated in the Eri-
dania basin well into the Amazonian (e.g., Capitan and Van De Wiel,
2011). With surface flow possibly restricted to localized runoff related to
processes such as the melting of snow or ice deposits (e.g., Howard and
Moore, 2011; Baker and Head, 2012), tributaries would have remained
immature and the main Ma’adim Vallis channel left largely unmodified
since the time frame of catastrophic flooding (Irwin et al., 2004).

Some plains units of the Eridania basin are interpreted as having been
accumulated in fluvial or lacustrine environments (e.g., Capitan and Van
De Wiel, 2011; Howard and Moore, 2011; Molina et al., 2014). Obvious
shoreline deposits have not been identified within the Eridania basin
(e.g., Irwin et al., 2004; Capitan and Van De Wiel, 2011; Adeli et al.,
2015), but benches in Gorgonum basin have previously been interpreted
as having formed in association with the development of an ancient
ice-covered lake (Howard and Moore, 2004). Many of the plains that
extensively mantle the Eridania basin are widely interpreted as volcanic
in origin (e.g., Scott and Tanaka, 1986; Greeley and Guest, 1987; Irwin
et al., 2004, 2013; Goudge et al., 2012; Baker and Head, 2009, 2012;
Molina et al., 2014; Adeli et al., 2015; Bro�z et al., 2015; Michalski et al.,
2017). An irregularly-shaped crater complex (Fig. 6g) is also interpreted
as volcanic in origin (e.g., Scott and Tanaka, 1986; Capitan and Van De
Wiel, 2011), and some Amazonian-aged plains units of local extent have
properties suggestive of their emplacement as viscous lavas that were



Fig. 6. Context Camera (CTX) images of selected landforms associated with Ma’adim Vallis and Eridania basin. A: Immature tributary valleys of Ma’adim Vallis
(arrows). B: Terraces (T) of Ma’adim Vallis. C: Wrinkle-ridged plains of Gusev crater. D: Wrinkle-ridged plains typical of much of the Eridania basin. E: Flat-topped
erosional residuals of Ariadnes Colles (Fig. 1). F: Electris deposits (EL) located south of Ariadnes Colles and immediately adjacent to ridged plains (R) (e.g., Grant et al.,
2010). G: Part of a candidate volcanic complex located in the Eridania basin (e.g., Capitan and Van De Wiel, 2011). H: Graben-like structures of Sirenum Fossae.
Wrinkle ridges develop within mare-style basalts as a result of processes related to subsidence (e.g., Schleicher et al., 2019), and are interpreted here as suggestive of
the presence of analogous volcanic units. CTX images: A: P13_006168_1538_XN_26S183W; B: P02_001922_1595_XN_20S182W; C: G22_026804_1654_XN_14S185W; D:
G18_025156_1473_XN_32S191W; E: P12_005799_1454_XN_34S187W; F: F01_036351_1403_XN_39S185W; G: B17_016413_1419_XI_38S173W; H:
B21_017784_1425_XI_37S166W. Approximate figure centers: A: 25�470S, 176�540E; B: 18�150S, 177�120E; C: 14�020S, 174�370E; D: 32�210S, 168�110E; E: 34�490S,
172�540E; F: 37�460S, 174�300E; G: 37�450S, 173�440W; H: 36�300S, 166�240W. The locations of depicted areas are given in Fig. 1 and 3.
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involved in development of some of the cones and domes of Eridania
basin (Bro�z et al., 2015). Electris deposits are located at elevations both
below and above the maximum level inferred for ancient lacustrine en-
vironments within the Eridania basin, and are generally interpreted as
volcanic airfall deposits that were possibly redistributed by eolian pro-
cesses (e.g., Grant and Schultz, 1990; Grant et al., 2010; Baker and Head,
7

2012; Molina et al., 2014).
The fields of flat-topped mesas and rounded knobs located at lower

elevations within several impact basins of Eridania have been interpreted
as possible products of aqueous outflows from the subsurface or, more
likely, as deep basin deposits that accumulated in lacustrine environ-
ments (e.g., Baker and Head, 2012; Wendt et al., 2013; Adeli et al., 2015;



Fig. 7. The main Ma’adim Vallis channel is floored along numerous reaches by plains units interpreted as volcanic flows. CTX images: A:
D20_034874_1653_XN_14S184W; B: F17_042496_1650_XI_15S183W; C: P22_009675_1591_XI_20S182W; D: J03_045951_1554_XN_24S183W. Approximate figure
centers: A: 15�410S, 175�440E; B: 16�570S, 177�210E; C: 18�520S, 177�20E; D: 25�150S, 176�310E. The locations of depicted areas are given in Fig. 3.

Fig. 8. A: Ridged plains associated with impact craters located within the Intermediate basin. B: An east-west oriented structure (between arrows) that crosses the
Intermediate basin. C: En echelon graben-like structures oriented east-west (between arrows) and crossing the Eridania basin near the head of Ma’adim Vallis. D: An
example of Sirenum Fossae structures associated with channels (e.g., at arrows). CTX images: A: B19_017099_1571_XN_22S184W; B: B17_016110_1547_XN_25S184W;
C: B17_016466_1513_XI_28S182W; D: B18_016611_1393_XN_40S179W. Approximate figure centers: A: 22�440S, 175�340E; B: 26�150S, 175�550E; C: 28�540S,
177�190E; D: 39�250S, 179�510E. The locations of depicted areas are given in Fig. 1 and 3.
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Michalski et al., 2017, 2018). Partly mantled by younger Hesperian-aged
and relatively unaltered volcanic deposits, these units are in places
associated with exposures of clay-, carbonate-, and possible
sulfate-bearing materials (e.g., Wendt et al., 2013; Adeli et al., 2015;
Michalski et al., 2017, 2018) that have suggested the presence of
8

deep-water hydrothermal deposits of possible astrobiological interest
(e.g., Michalski et al., 2017, 2018). Many of the chlorides, sulfates, and
phyllosilicates exposed within and near the Eridania basin are hypothe-
sized to have been formed as a result of local groundwater upwelling,
surface runoff, and/or ponding (e.g., Ruesch et al., 2012; Osterloo et al.,
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2010; Adeli et al., 2015; Pajola et al., 2016).

4. Problems with aqueous interpretations of Ma’adim Vallis

Though some landforms and geological units at Ma’adim Vallis have
previously been interpreted as having been formed by aqueous processes
(e.g., Schneeberger, 1989; Goldspiel and Squyres, 1991; Landheim et al.,
1994; Grin and Cabrol, 1997; Cabrol et al., 1998b; Irwin et al., 2002,
2004), obvious examples of fluvial, diluvial, or lacustrine sedimentary
deposits have proven difficult to identify. Impact and aeolian features are
abundant at this system (e.g., Cabrol et al., 1998a; Kuzmin et al., 2000),
and many features associated with channel reaches and terminal basins
have general appearances and properties most consistent with volcanic
origins (e.g., Grant et al., 2004; Golombek et al., 2005; Greeley et al.,
2005) (Figs. 6cdf and 7). Much of Ma’adim Vallis is blanketed by
anhydrous fines that partly obscure the mineralogy of underlying mate-
rials (Figs. 4 and 5), but the mouth of the system at Gusev crater has been
investigated in situ and is known to be substantially mantled by miner-
alogically pristine volcanic flows of mafic and ultramafic composition
and of Hesperian age (e.g., Gellert et al., 2004; Morris et al., 2004;
Squyres et al., 2004; Greeley et al., 2005; Arvidson et al., 2006).

Martian igneous units exposed to aqueous conditions should become
altered within years to millennia, depending on factors such as water
abundances, water pH levels, and local temperatures (e.g., Oze and
Sharma, 2007; Hausrath et al., 2008). Where exposure is good, electro-
magnetic radiation reflected by such altered units will normally display
spectral features indicative of the presence of hydrated minerals (e.g.,
Noe Dobrea et al., 2003; Pommerol and Schmitt, 2008; Leverington and
Moon, 2012; Weitz et al., 2014; Wang et al., 2018; see also, e.g., Baker
et al., 2000), and the pristine character of the Hesperian-aged volcanic
flows of Gusev crater is not expected of former lacustrine environments
(e.g., Squyres et al., 2004; Haskin et al., 2005; Morris et al., 2006; Mit-
tlefehldt et al., 2019). Hydrated minerals are locally present in Gusev
crater at sites associated with the Noachian-aged Columbia Hills (e.g.,
Ming et al., 2006; Squyres et al., 2006, 2008; Morris et al., 2006), but
these minerals apparently formed in low water-to-rock ratios that do not
require development in lacustrine environments (e.g., Yet et al., 2008;
Morris et al., 2010; Mittlefehldt et al., 2019). Assumptions that lacustrine
sedimentary deposits of Gusev crater must exist beneath the younger
Hesperian-aged volcanic flows (e.g., Squyres et al., 2004) are based
mainly on presumed aqueous origins for the channels of Ma’adim Vallis
rather than on the properties of local units or landforms.

Clear geomorphological evidence for the past existence of one or
more large lakes in the Eridania basin over geological timescales is
lacking. Some Eridania units are hypothesized to have been deposited in
lacustrine environments, but these interpretations are equivocal. For
example, the colles and chaos deposits associated with the lowest ele-
vations of some basins are considered by some workers to be candidates
for deep-water deposits (e.g., Michalski et al., 2017, 2018), but the true
origins of these deposits remain uncertain and their basic properties do
not appear to require development in large water bodies. The past exis-
tence of a lake over geological timescales should have resulted in the
accumulation of far more extensive sedimentary mantles across the Eri-
dania basin, and the gradual loss of lake waters should have resulted in
the generation of a series of progressively lower shoreline and nearshore
sedimentary deposits. Yet, no shoreline features have been identified
within the Eridania basin (e.g., strandline deposits, spits, or offshore
bars), including at the ~1100 m elevation believed to have characterized
the maximum level of lake waters (e.g., Irwin et al., 2004; Capitan and
Van De Wiel, 2011; Adeli et al., 2015), and there is no obvious evidence
that extensive sedimentary mantles of lacustrine origin have ever existed
here. This absence could conceivably be related to an overestimation of
the length of time over which the region was subjected to lacustrine
conditions. Erosion or burial of ancient sedimentary units is also possible,
but should these processes have had the capacity to eliminate exposure of
all clear examples of aqueous sedimentary deposits within a basin that is
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roughly two thousand kilometers across?
The mineralogical properties of the Eridania basin are also not

consistent with the past existence of an enormous and long-lived lake
that suddenly released a proportion of its volume in catastrophic floods
and then lost its substantial remaining waters through evaporation or
sublimation within closed highland basins. Exposures of hydrous min-
erals are widespread in the Eridania region (e.g., Pajola et al., 2016;
Michalski et al., 2017) (Fig. 5c), but they are in many cases of modest
geographic extent (e.g., Osterloo et al., 2008, 2010), are typically sepa-
rated by considerable expanses of little altered materials (e.g., Carter
et al., 2013), and are distributed at elevations and in locales that are not
consistently associated with hypothesized paleolake basins (e.g., Adeli
et al., 2015). Extensive outcrops of the full range of evaporite minerals
expected of the past sites of large lakes that were gradually lost through
evaporation or sublimation (e.g., Leverington, 2011; see also e.g., Hills,
1984; Krijgsman et al., 1999; Zavialov et al., 2003) are missing within the
Eridania basin (e.g., Adeli et al., 2015). The limited exposures of chloride
minerals within and near the Eridania basin need not have been gener-
ated within lacustrine environments, and instead could have been
derived from local magmas (Leask et al., 2017). Mechanisms similarly
exist for formation of local sulfate minerals through volcanic processes,
without the need to hypothesize the past existence of large water bodies
and requisite high atmospheric pressures (e.g., Niles et al., 2017).
Wrinkle ridges form in the mafic and related volcanic units of expansive
volcanic plains and the interiors of impact basins (e.g., Wilhelms, 1987;
Watters, 1988; Watters and Johnson, 2010; Watters and Nimmo, 2010;
Schleicher et al., 2019), and the ridged plains units of the Eridania basin
are correspondingly interpreted here as very likely of volcanic origin.
Consistent with such an interpretation, the plains of Eridania are largely
spectrally bland apart from signatures related to minerals such as py-
roxenes (Baker and Head, 2012) (Fig. 5a). Large exposures of pristine
olivine-rich materials exist both inside and outside of Eridania basin
(e.g., Ody et al., 2011, 2012a b, 2013; Riu et al., 2019) (Fig. 5b), and
units of this type should have been especially susceptible to alteration in
younger aqueous environments of all kinds (e.g., Leverington, 2011).
Where Hesperian-aged or younger units exist within the Eridania basin, it
is conceivable that expected areas of hydration and lacustrine deposition
are simply buried, but as at Gusev crater, this is arguably not an
economical interpretation of landforms and geological units that can be
explained as products of simpler and more realistic processes.

From a global perspective, the persistence of extensive and pristine
olivine-rich units of Noachian age at numerous locales on Mars (e.g.,
Hoefen et al., 2003; Rogers et al., 2005; Bibring et al., 2006; Koeppen and
Hamilton, 2008; Ody et al., 2012b; Wilson and Mustard, 2013; Amador
et al., 2018; Riu et al., 2019; Mandon et al., 2020) is not compatible with
the younger existence of wet surface conditions on this planet across
large areas over geological time scales (Leverington, 2009, 2011, 2019a
b; Leone, 2014, 2018, 2020), including the long-term existence of an
enormous lake in the Eridania basin at the end of the Noachian Period
and the beginning of the Hesperian Period. The absence on Mars of ex-
pected correlations between hydrated minerals and both highland
channel networks and outflow channels (e.g., Bibring et al., 2006;
Mangold et al., 2008; Carter et al., 2013; Wilson and Mustard, 2013;
Ehlmann, 2014; Kaufman et al., 2019; Leverington, 2019b) contradicts
hypothesized aqueous origins for these features and reinforces the
perspective that cold and dry surface conditions have very likely domi-
nated over the history of the planet (e.g., Leverington, 2009, 2011, 2019a
b; Leone, 2014, 2018, 2020). The expected mineralogical and geomor-
phological signatures of ancient lowland oceans and highland lakes are
also yet to be identified on Mars (e.g., Malin and Edgett, 1999; Ghatan
and Zimbelman, 2006; Fair�en et al., 2011; Leverington, 2011; Mouginot
et al., 2012; Pretlow, 2013; Leone, 2014, 2020; Goudge et al., 2015; Pan
et al., 2017; Sholes et al., 2019), in opposition to past inferences of the
existence of such water bodies and associated periods of warmer tem-
peratures and high atmospheric pressures (e.g., Leverington, 2009, 2011,
2019a b; Leone, 2014, 2018, 2020).
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5. A volcanic interpretation of Ma’adim Vallis

The properties of Ma’adim Vallis are most consistent with dry vol-
canic origins involving effusions of low-viscosity flood lavas from mul-
tiple highland sources mainly during the Noachian and Hesperian. As is
typical of flood lavas emplaced on bodies such as the Moon, Mercury, and
Venus (e.g., Wilhelms, 1987; Byrne et al., 2013; Ivanov and Head, 2013;
Zhang et al., 2016), most of these volcanic sources are expected to have
been buried by the plains units with which they are associated. Martian
highland terrains were extensively resurfaced by low-viscosity lavas in
the Noachian and Hesperian (e.g., Goldspiel and Squyres, 1991), and
mare-style ridged volcanic plains correspondingly extend across high-
land regions adjacent to most of the Ma’adim Vallis system, including
areas within the Intermediate basin and the Eridania basin.

Though volcanic plains of the Ma’adim Vallis region could conceiv-
ably be mere volcanic mantles of landscapes associated with an otherwise
aqueously-formed channel system, the absence of clear evidence for the
past development of local channels by aqueous processes and the direct
association of volcanic plains with component channels suggests the need
to consider channel origins involving these lavas. Accumulation of low-
viscosity lavas near the mouth of Ma’adim Vallis is indicated by the
presence of ridged plains and by the petrological characteristics of
related units examined by the Spirit rover (e.g., Grant et al., 2004;
Golombek et al., 2005; Greeley et al., 2005; Chevrel et al., 2014). The
flows that mantle the interior of Gusev crater have not been linked to
particular volcanic vents and are interpreted by some workers as having
possibly been erupted from local sources situated in or near the crater
itself (e.g., Grant et al., 2004), but these flows could alternatively have
been emplaced inside Gusev crater from more southerly sources. The
geochemical properties of the Adirondack class lavas, which are espe-
cially abundant among the materials exposed at the surface of Gusev
crater, suggest liquidus viscosities at least as low as 0.5 Pa s (Chevrel
et al., 2014). Martian lavas with such viscosities can rise through igneous
plumbing systems much faster than the much more viscous lavas typical
of modern Earth (Chevrel et al., 2014) and have a substantial capacity for
deep incision into bedrock substrates if erupted at sufficiently high rates
and with high total volumes (e.g., Jaeger et al., 2010; Hurwitz et al.,
2010; Dundas and Keszthelyi, 2014; Hopper and Leverington, 2014;
Cataldo et al., 2015; Baumgartner et al., 2017; Leverington, 2018, 2019a
b; Dundas et al., 2019; Vetere et al., 2019; Gasparri et al., 2020). Large
magmatic plumbing systems that have roots within the upper mantle
appear to be especially well suited for driving voluminous eruptions of
the kind that formed large volcanic channel systems on Mars (Lever-
ington, 2011, 2019a).

The floor of the Eridania basin is widely mantled by ridged plains that
have characteristics similar to those of lunar flood lavas (e.g., Scott and
Tanaka, 1986; Greeley and Guest, 1987; Irwin et al., 2004, 2013; Baker
and Head, 2009; Goudge et al., 2012; Baker and Head, 2009, 2012;
Molina et al., 2014; Tanaka et al., 2014; Adeli et al., 2015; Bro�z et al.,
2015; Pajola et al., 2016; Michalski et al., 2017), and some of the lavas
involved in development of Ma’adim Vallis are hypothesized to have
flowed northward from this basin. Though most of the volcanic sources
involved in emplacement of these plains units are expected to be buried,
candidate examples of exposed volcanic sources include the graben-like
structures of Sirenum Fossae and other Tharsis-radial structural fea-
tures in the region, some of which are located near the head of Ma’adim
Vallis (Fig. 2) and some of which are associated with channels (Fig. 8d).
Such Tharsis-radial structural features were sources of fluid effusions
from the subsurface along Mangala Fossa and some segments of Sirenum
Fossae (e.g., Cabrol et al., 1998a; Leverington, 2007), and on this basis
the formation of Ma’adim Vallis has previously been interpreted as
potentially analogous to formation of the larger Mangala Valles outflow
system to the east (e.g., Cabrol et al., 1998a); the Mangala Valles system
is recognized by some workers as a product of the effusion of flood lavas
from Mangala Fossa (Leverington, 2007, 2011; Leone, 2017). Other
landforms of potential relevance to the volcanic development of Eridania
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basin units include candidate volcanic complexes, some of which have
close spatial associations with the structures that comprise Sirenum
Fossae (e.g., Capitan and Van De Wiel, 2011) (Fig. 6g). Small cones,
domes, and craters of the Eridania basin also show volcanic affinities
(Bro�z et al., 2015), and the Electris deposits are generally interpreted as
volcanic airfall deposits (e.g., Grant and Schultz, 1990; Grant et al., 2010;
Baker and Head, 2012; Molina et al., 2014).

If the colles and chaos landforms of the Eridania basin are analogous
in origin to the chaotic terrain that characterizes some Martian outflow
channels, then igneous processes related to magma intrusion, effusion,
and drainback are similarly implicated in the disruption of associated
units (e.g., Leverington, 2011, 2019a), along with secondarymechanisms
such as mass wasting and aeolian deflation. In the eastern parts of the
Eridania region, weakly-layered lava and ash deposits that have been
disrupted to form chaotic terrain (Michalski et al., 2017) have appear-
ances consistent with the past operation of such processes. In contrast,
the materials that comprise the colles and chaos of the western and
central parts of the Eridania basin do not show prominent layering and in
places are crossed by systems of veins, and the origins of associated
landforms are less clearly aligned with those of chaotic terrain typical of
the outflow channels (Michalski et al., 2017). These western and central
regions of colles and chaos could conceivably have nevertheless formed
as a result of terrain disruption by igneous processes, but alternatively
could represent erosional residuals of volcanic or aeolian units that
accumulated in predominantly dry environments at basin centers.

Parts of the Intermediate basin of Ma’adim Vallis are characterized by
the presence of ridged plains (Fig. 8a) of a character very similar to that
of the plains at Gusev crater and within the Eridania basin. As with other
highland areas including those located in the Ma’adim Vallis region (e.g.,
Leverington and Maxwell, 2004; Leverington, 2005, 2006), this suggests
emplacement here of low-viscosity lava flows from sources both inside
and outside of impact craters. The channels that extend from some of
these craters (e.g., Capitan and Van De Wiel, 2011) suggest incision by
associated lavas during periods of overflow, and thus formation of the
Ma’adim Vallis system is expected to have been partly a product of the
effusion of these lavas. Eruption of magmas within impact craters is not
unexpected, as Martian impact craters are in numerous cases partly filled
by ridged volcanic units that in many cases appear to require local
sources (e.g., Leverington and Maxwell, 2004; Leverington, 2005, 2006).
Obvious volcanic source features such as pits and volcanic cones can be
associated with impact craters on rocky planets of the inner solar system
(e.g., Gillis-Davis et al., 2009; Thomas et al., 2014), and candidate
mechanisms for eruption within Martian craters include processes such
as impact-induced decompression melting (Edwards et al., 2014).

Close spatial relationships between volcanic features and highland
channels are not restricted to the Ma’adim Vallis system in this region.
For example, channels extend from Zephyria Tholus (e.g., Brakenridge,
1990; Cabrol et al., 1998a), and highland channel networks located to
the east in Memnonia are widely associated with low-viscosity lava flows
likely to have had the capacity to incise these networks (Leverington and
Maxwell, 2004). More broadly, volcanic associations with both highland
channel networks and outflow channels are widespread on Mars (e.g.,
Plescia, 1990; Keszthelyi et al., 2000, 2004; Leverington, 2004, 2005,
2006, 2009, 2011, 2014, 2018a, 2019a b; Chapman et al., 2010a b;
Jaeger et al., 2010; Hopper and Leverington, 2014; Dundas and Kesz-
thelyi, 2014; Leone, 2014, 2017, 2020; Baumgartner et al., 2017; Ham-
ilton et al., 2018; Dundas et al., 2019; Gasparri et al., 2020). Unlike past
aqueous interpretations, the volcanic hypothesis for formation of Ma’a-
dim Vallis is consistent with the overall geomorphological and mineral-
ogical characteristics of the surface of Mars, and does not require the
existence of unexpectedly large reservoirs of near-surface volatiles or
thick ancient atmospheres (e.g., Leverington, 2011). Globally, the spatial
distribution of Martian channels of all kinds lacks expected correlations
with the distributions of hydrated minerals (e.g., Bibring et al., 2006;
Mangold et al., 2008; Carter et al., 2013; Wilson and Mustard, 2013;
Ehlmann, 2014; Kaufman et al., 2019), bringing into question past
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interpretations of these channels as having been formed by aqueous
overflow that drove incision into geological units purported to have
hosted groundwater and ground ice over geological timescales (e.g.,
Leverington, 2011, 2019a b; Leone, 2014, 2018, 2020).

Some aqueous interpretations of the Ma’adim Vallis system have been
partly based upon explicit and implicit assumptions that lava plains
within closed basins should not have bowl-shaped surfaces (e.g., Irwin
et al., 2002, 2004) and should mark the highest levels attained by these
flows. However, lava levels within topographic basins can indeed
decrease during or after eruptions as a result of processes such lava
degassing, lava contraction during solidification, and late-stage lava
drainback into magmatic plumbing systems (e.g., Leverington, 2009;
2011, 2019a b). For example, Aromatum Chaos, the ~30 � 90 km head
depression of Martian channel Ravi Vallis, is interpreted by Leverington
(2019a) as the volcanic source of this outflow system and has a floor that
is as much as ~1.5 km beneath the adjacent channel floor (Carr, 2012).
Also, the modern elevations of lava infill need not be uniform across
individual basins, with the flood lavas that occupy the interiors of large
impact basins onMars and other bodies of the inner solar system typically
varying in elevation by hundreds of meters to kilometers, in some cases
defining basin surfaces with distinct bowl shapes (e.g., Kaula et al., 1973;
Wieczorek and Phillips, 1999; Thomson and Head, 2001; Oberst et al.,
2010; Ivanov et al., 2012). For example, vertical variations in the
bowl-shaped and lava-mantled surfaces of Martian basins Isidis and
Utopia are roughly as great as ~370 m and 1 km, respectively (Smith
et al., 2003). Loading of the various parts of Eridania basin by
wrinkle-ridged lava flows is hypothesized by some workers to have
Fig. 9. Ancient volcanic channels of a wide variety of sizes and complexities are p
Leverington, 2014). A: Angkor Vallis is a relatively short channel that connects two
et al., 2011; Byrne et al., 2013; Hurwitz et al., 2013b). B: With a length of more than
Vallis is among the largest volcanic channels on Venus and has characteristics similar
Hopper and Leverington, 2014). This system attests to the capacity of low-viscosity la
Kallistos Vallis, Ma’adim Vallis is interpreted here to have formed as a result of volum
plains, rather than from a major source marked only by chaotic terrain. C: The lunar
network (arrows) that originates among highlands adjacent to Mare Imbrium (e.g., Le
sinuous Venusian channels (arrows) located west of Disani Corona (e.g., Komatsu e
networks such as those of the Moon and Venus confirm that low-order volcanic syste
channel development. Image sources: A: Mercury MESSENGER (MErcury Surface, S
System) Global Basemap. B and D: Magellan FMAP (full-resolution radar map) left
Camera) Mosaic. Approximate figure centers: A:57�540N, 113�120E; B: 51�120S, 22�3
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contributed to development of the bowl shapes of component impact
basins (Baker and Head, 2009).

6. Development of Ma’adim Vallis channels by flood lavas

Though formation of large volcanic channels by low-viscosity lavas is
exotic by modern terrestrial standards, hundreds of ancient channel
systems of volcanic origin are preserved on the Moon, Venus, Mercury,
and Earth (e.g., Greeley, 1971; Gornitz, 1973; Schultz, 1976; Wilhelms,
1987; Baker et al., 1992, 1997; Head et al., 1992, 2011; Williams et al.,
2001, 2011; Byrne et al., 2013; Hurwitz et al., 2013a b; Komatsu et al.,
1993; Komatsu, 2007; Roberts and Gregg, 2019) (Fig. 9). Many of these
analog systems formed as outflow channels that commence at distinct
topographic lows that mark sites of voluminous lava effusion, but others
developed as low-order branching networks that formed during
emplacement of lavas from multiple sources in complex terrain (e.g.,
Wilhelms, 1987; Baker et al., 1992, 1997; Komatsu et al., 1993; Lever-
ington, 2011, 2014; Hurwitz et al., 2013a b). Except on Venus, where
early landscapes have been entirely lost as a result of erosion and
extensive resurfacing, preserved volcanic analog systems were formed
primarily in the first 1–2 Ga of solar system history, a time frame char-
acterized by higher interior temperatures and greater associated pro-
pensities to form large volumes of low-viscosity lavas in geological
environments such as plumes (e.g., Leverington, 2011, 2014, 2019a).
This early time frame overlaps with both the Noachian and Hesperian
periods of Mars (e.g., Hartmann, 2005), and thus coincides with the main
interval of development of the Ma’adim Vallis system and numerous
reserved at the surfaces of large rocky bodies of the inner solar system (e.g.,
large Mercurian basins that are mantled by mare-style ridged plains (e.g., Head
1000 km and a major igneous source region marked by chaotic terrain, Kallistos
to those that typify the Martian outflow channels (e.g., Baker et al., 1992, 1997;
vas to form channel systems with sizes similar to that of Ma’adim Vallis. Unlike
inous effusions from numerous volcanic sources that emplaced extensive ridged
Rimae Plato group consists of several channel systems including this low-order
verington, 2006; Hurwitz et al., 2013a). D: Ganga Valles is a complex network of
t al., 1993; Campbell and Clark, 2006; Leverington, 2011). Branching channel
ms of some complexity can develop where multiple igneous sources have driven
pace ENvironment, GEochemistry, and Ranging) MDIS (Mercury Dual Imaging
-look radar mosaic. C: LRO (Lunar Reconnaissance Orbiter) WAC (Wide Angle
20E; C: 49�300N, 2�60W; D: 5�N, 53�80E.
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other large channel systems on Mars. Though opposing aqueous in-
terpretations have dominated for decades (e.g., Baker and Milton, 1974;
Baker and Kochel, 1978a b; Carr, 1979, 1996; Baker et al., 1991; Carr and
Head, 2015; Lepotre et al., 2016; Larsen and Lamb, 2016; Head et al.,
2018), the properties of the Martian outflow channels are consistent with
formation by dry volcanic processes (e.g., Schonfeld, 1979; Leverington,
2004, 2007, 2009, 2011, 2014, 2018, 2019a b; Hopper and Leverington,
2014; Leone, 2014, 2017, 2018, 2020; Baumgartner et al., 2015, 2017),
and some workers contend that evidence for analogous development of
highland channel systems by effusion of flood lavas is also widespread on
Mars (Leverington and Maxwell, 2004; Leverington, 2005, 2006; 2011;
Leone, 2014, 2020; Gasparri et al., 2020).

Low-viscosity lavas erupted at high rates of effusion and large total
volumes possess the capacity for erosional development of immense
volcanic channels through both mechanical and thermal processes (e.g.,
Peterson and Swanson, 1974; Hulme and Fielder, 1977; Hulme, 1982;
Huppert et al., 1984; Lesher and Campbell, 1993; Greeley et al., 1998;
Williams et al., 2000, 2011; Barnes, 2006; Houl�e et al., 2008, 2012;
Jaeger et al., 2010; Hurwitz et al., 2012, 2013b; Stockstill-Cahill et al.,
2012; Gole et al., 2013; Dundas and Keszthelyi, 2014; Hopper and Lev-
erington, 2014; Leverington, 2014, 2018, 2019a b; Baumgartner et al.,
2015, 2017; Cataldo et al., 2015; Staude et al., 2016, 2017; Lesher, 2017;
Vetere et al., 2019; Gasparri et al., 2020). The minimum viscosities of
ancient flood lavas involved in landscape resurfacing or channel devel-
opment in the inner solar system (including on the Moon, Venus, Mer-
cury, and Earth) were at least as low as ~0.1–10 Pa s (e.g., Murase and
McBirney, 1970, 1973; Weill et al., 1971; Kargel et al., 1993; Williams
et al., 2001, 2011; Stockstill-Cahill et al., 2012; Byrne et al., 2013; Lev-
erington, 2014; Vetere et al., 2017; Lesher, 2017; Peplowski and
Stockstill-Cahill, 2019), and thus were up to several orders of magnitude
lower than the ~50–5000 Pa s typical of the least viscous silicate lavas
erupted on Earth today (e.g., Shaw et al., 1968; Murase and McBirney,
1973; Self et al., 1997). The Adirondack class lavas near the mouth of
Ma’adim Vallis have geochemical properties that suggest liquidus vis-
cosities of only ~0.5 Pa s (Chevrel et al., 2014).

Though much remains to be learned with regard to the precise
manner in which large volcanic channel systems are formed by low-
viscosity lavas (e.g., Dundas and Keszthelyi, 2014; Cataldo et al., 2015;
Baumgartner et al., 2017), the past study of both volcanic and fluvial
systems has led to progress in the use of quantitative methods for esti-
mation of flow conditions within magmas effused to the surface (e.g.,
Hulme, 1973; Huppert and Sparks, 1985; Williams et al., 1998, 2000;
Keszthelyi and Self, 1998; Sklar and Dietrich, 1998). The flow conditions
and incision rates of Martian lavas with depths of up to 100 m have
previously been investigated and suggest total mechanical and thermal
incision rates of up to tens of meters per day for lavas flowing on nearly
horizontal slopes underlain by bedrock (e.g., Jaeger et al., 2010; Hurwitz
et al., 2010; Dundas and Keszthelyi, 2014; Hopper and Leverington,
2014; Cataldo et al., 2015; Baumgartner et al., 2017; Leverington, 2018,
2019a b; Dundas et al., 2019; Vetere et al., 2019; Gasparri et al., 2020).

On the basis of thermal considerations that involve maintenance of
magma temperatures above those conducive to the incision of channels
(Leverington, 2007, 2019a b; Cataldo et al., 2015), the minimum volume
of lava required for formation of a Martian channel system should not be
lower than ~8 times the channel volume. The total volume of material
removed during formation of Ma’adim Vallis and its tributaries was ~14,
000 km3, and thus a minimum erupted lava volume of ~112,000 km3 is
implied for formation of this system. A larger erupted volume is expected
for formation of Ma’adim Vallis, partly because lavas cannot all be ex-
pected to have been effused at sufficient volumes and rates to have
efficiently incised highland terrain, and lower-volume eruptions have the
potential to work against incision by constructively mantling channel
systems.

Based on the results of Leverington (2018), generated to support
investigation of Martian outflow system Kasei Valles, a discharge rate of
~4.2� 106 m3/s is estimated at Ma’adim Vallis for a flow depth of 20 m,
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a lava viscosity of 1 Pa s, a slope of 0.4�, and a 10 km channel width.
Estimated incision rates for 20-m-deep flows on slopes of up to 1�,
derived on the basis of the set of equations outlined by Hurwitz et al.
(2010, 2012) and the parameters utilized by Leverington (2018, 2019
ab), are summarized in Fig. 10 for viscosities of 1–10,000 Pa s. For
20-m-deep lavas with viscosities as low as 1 Pa s and substrate slopes of
up to 1�, mechanical incision rates in excess of 10 m/day are possible, as
are thermal incision rates of almost 3 m/day. The incision rates of
thermal and mechanical processes are presently calculated separately,
but in nature these processes are likely to combine their effects in a
synergistic manner. Regardless of the exact capacity for incision that
combined thermal and mechanical processes might possess, net incision
rates of several meters per day are reasonable and are sufficient for
development of the largest Martian channels (e.g., Leverington, 2018,
2019a b), and smaller highland channel networks such as Ma’adim Vallis
are similarly expected to be readily formed by voluminous effusions of
low-viscosity lavas. Typical channel depths below adjacent highlands at
Ma’adim Vallis range between ~700 m and 2300 m, and in a simplified
scenario involving an average incision depth of 1500 m and a conser-
vative net incision rate of 2 m/day, a total incision time of 750 days is
estimated (involving an unknown number of events and an unknown
total number of separate volcanic sources, and involving geological
timescales likely dominated by periods of little to no local volcanic ac-
tivity). With an assumed discharge rate of 4.2� 106 m3/s, a total erupted
volume of 272,000 km3 is estimated in this simplified scenario. This is
approximately 2.5 times the minimum volume estimated above on the
basis of simple thermal considerations, and is considered to be a more
realistic estimate of the total volume of lava involved in the development
of Ma’adim Vallis. Both volumes far exceed that of Gusev crater, con-
firming that most effused lavas interpreted to have been involved in
channel incision would have necessarily been deposited in lowlands to
the north of the system, requiring northward overflow of lavas and their
local subsidence within Gusev crater; terrain located immediately north
of Gusev crater suggests a complex history that partly involved later
mantling by other volcanic flows and pyroclastic units (e.g., Scott and
Tanaka, 1986; Kuzmin et al., 2000; Tanaka et al., 2014; Chuang et al.,
2019), and lava subsidence within Gusev crater of ~300 m is suggested if
modern topography in the area of the northwestern breach is simplisti-
cally assumed to approximate the topography that existed in the Late
Noachian. Precise modeling of the manner in which Ma’adim Vallis
might have been formed by lavas along its full length is hindered by the
many unknowns involved, such as those related to the original character
of regional topography in the Late Noachian, and those related to the
number, location, and eruptive history of all relevant volcanic sources.

7. Discussion

For much of the past 40 years, it has been common practice to assume
that most or all Martian channels were formed by aqueous flows, and that
accumulations of geological materials at the mouths of these channels
were likely deposited in ancient bodies of standing water. However, such
assumptions are not warranted. Despite the existence of thousands of
sites of aqueous alteration onMars, the mineralogy of the planet’s surface
is remarkably pristine and overall has been little altered by water (e.g.,
Bibring et al., 2005, 2006; Hurowitz and McLennan, 2007; Christensen
et al., 2008; Bibring and Langevin, 2008; Leverington, 2009, 2011,
2019a b; Ehlmann, 2014; Leone, 2014, 2018, 2020; Amador et al., 2018).
Martian exposures of hydrated minerals are in many cases of limited
extent and appear to be separated by vast tracts of little altered materials,
and there is no special geographic correlation on Mars between hydrated
minerals and channel systems of any kind (e.g., Bibring et al., 2006;
Mangold et al., 2008; Carter et al., 2013; Wilson and Mustard, 2013;
Ehlmann, 2014; Kaufman et al., 2019). There are no obvious near-shore
or off-shore sedimentary deposits in the northern lowlands of Mars, nor
are there expected levels of aqueous alteration or chemical sedimentation
here (e.g., Ghatan and Zimbelman, 2006; Leverington, 2007, 2011, 2018,



Fig. 10. Semi-log plots of estimated mechanical (A) and thermal (B) incision rates for Martian lava flows with depths of 20 m, based on the parameters and numerical
model utilized in Leverington (2018, 2019 ab), using the equation set summarized by Hurwitz et al. (2010, 2012). Incision rates are given in meters per day for a lava
temperature of 1350 �C and for a bedrock substrate. Contour increments are 1.0 m/day (A) and 0.25 m/day (B).
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2019a b; Pretlow, 2013; Pan et al., 2017; Leone, 2014, 2018, 2020;
Sholes et al., 2019). Proposed sites of ancient Martian lakes lack expected
levels of aqueous alteration, lacustrine sedimentary deposits, and
mantling by evaporites (e.g., Leverington and Maxwell, 2004; Lever-
ington, 2005, 2006; Goudge et al., 2015; Gasparri et al., 2020). The many
knickpoints, the common presence of hanging valleys, and the low basin
concavities typical of Martian highland networks do not suggest channel
development in association with prolonged erosion by aqueous surface
runoff (Aharonson et al., 2002), and these attributes instead appear to be
consistent with the dry origins independently suggested by the limited
presence of local hydrous minerals. From a global perspective, the rela-
tively pristine preservation of ancient olivine-rich materials on Mars
(e.g., Hoefen et al., 2003; Rogers et al., 2005; Bibring et al., 2006;
Koeppen and Hamilton, 2008; Ody et al., 2012b; Wilson and Mustard,
2013; Amador et al., 2018; Riu et al., 2019; Mandon et al., 2020) is
arguably not consistent with the occurrence of younger periods of
extensive wet conditions on this planet (e.g., Leverington, 2009, 2011,
2019a b; Leone, 2014, 2018, 2020).

Effusion of low-viscosity lavas on Mars can readily account for the
existence and nature not only of the outflow channels (e.g., Leverington,
2004, 2007, 2009, 2011, 2014, 2018, 2019a b; Hopper and Leverington,
2014; Leone, 2014, 2017; Baumgartner et al., 2015, 2017), but also of the
highland channel networks and associated topographic basins (e.g.,
Leverington andMaxwell, 2004; Leverington, 2005, 2006; Gasparri et al.,
2020). Volcanic processes are especially attractive since they do not
require unexpectedly large near-surface volatile reservoirs or high at-
mospheric pressures, and could operate under a wide variety of surface
conditions including those of the present. In line with the above con-
siderations, the existence and properties of Ma’adim Vallis can be most
economically explained on the basis of the past operation of dry volcanic
processes. Though there is no obvious evidence for the runoff and
pooling of water at Ma’adim Vallis, there is abundant evidence for the
past flow of low-viscosity lavas near the head of the system, along
component channels, and at the system’s mouth. Lavas with viscosities of
~1 Pa s have a clear capacity to incise large channel systems on Mars
(e.g., Hopper and Leverington, 2014; Baumgartner et al., 2017; Lever-
ington, 2018, 2019a b; Vetere et al., 2019; Gasparri et al., 2020), and
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such lavas are known to have accumulated near the mouth of Ma’adim
Vallis (e.g., Gellert et al., 2004; Morris et al., 2004; Squyres et al., 2004;
Greeley et al., 2005; Arvidson et al., 2006; Chevrel et al., 2014).
Consistent with other channel systems in the region (e.g., Leverington
and Maxwell, 2004), the character of Ma’adim Vallis is in line with dry
development involving low-viscosity lavas that were erupted at
numerous locales within surrounding uplands.

Is there any possibility that combined aqueous and volcanic devel-
opment of Ma’adim Vallis occurred, with initial development of local
channels by fluvial processes and later modification of these channels by
volcanic resurfacing? Certainly, the volcanic modification of fluvial sys-
tems is possible in principle, and hybrid aqueous-volcanic mechanisms of
channel development have previously been considered for large Martian
systems such as Athabasca Valles and Kasei Valles (e.g., Jaeger et al.,
2007, 2010; Dundas and Keszthelyi, 2014). If the duration of wet con-
ditions in the Ma’adim Vallis region were orders of magnitude shorter
than the millions of years previously hypothesized, and if involved wa-
ters were so pure as to not favor later deposition of evaporite minerals,
this could correspondingly reduce the expected prominence of the
mineralogical signatures of past aqueous environments. However, hy-
drous alteration of mafic and ultramafic lithologies can begin within only
days of initial exposure to water (e.g., Baker et al., 2000), and, depending
on the exact nature of local environmental conditions on Mars, alteration
of mafic and ultramafic lithologies sufficient to show notable absorption
features in reflectance spectra would likely require no more than years to
millennia (e.g., Oze and Sharma, 2007; Hausrath et al., 2008). Conse-
quently, even relatively short-lived lacustrine and fluvial conditions here
should have produced more extensive swaths of hydrated materials than
are evident. A hybrid aqueous-volcanic hypothesis for development of
Ma’adim Vallis would therefore additionally seem to require the nearly
complete erosion or mantling of expected hydrous materials in the re-
gion, in order to account for the relatively low level of alteration apparent
at the surface today. Though parts of the Eridania basin region are
relatively well exposed, some reaches of Ma’adim Vallis are indeed
mantled today by anhydrous fines that obscure underlying materials
(Figs. 4b and 5a). Uncertainties regarding the nature of buried geological
units, and the continued support in the research community for aqueous
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interpretations of the Ma’adim Vallis system, justify the future consid-
eration of combined aqueous-volcanic origins for local channels. How-
ever, the fluvial, diluvial, and lacustrine processes previously
hypothesized for development of this system, operating either alone or in
concert with volcanic processes, arguably add considerable complexity
without providing additional explanatory power. Volcanic accounts for
the attributes of Ma’adim Vallis and the Eridania basin do not require
postulation of the long-term persistence of regional or global aquifers, the
voluminous pooling of water in large impact basins, the past occurrence
of catastrophic aqueous floods, the past existence of high atmospheric
pressures, and the erosion or mantling of all clear sedimentological and
mineralogical evidence in support of the past operation of hypothesized
fluvial and lacustrine processes.

The minimum lava volume estimated in this study to have been
required for formation of Ma’adim Vallis is ~112,000 km3, but a volume
of several times this total is more likely to have been involved in system
development. Though large in an absolute sense, such volumes are
relatively small when compared to those believed to have been required
for development of the most extensive Martian channel systems. For
example, the outflow channels Kasei Valles and Ares Vallis are estimated
to have required volcanic effusions of at least several million cubic ki-
lometers for development of each system, or roughly the total original
volume of some individual Large Igneous Provinces on Earth (Lever-
ington, 2018, 2019b). Smaller Martian channel systems would have
required correspondingly lower volumes of lava for development, with
total volumes much closer to those estimated to have formed Ma’adim
Vallis. For example, the Mangala Valles and Ravi Vallis outflow systems
are estimated to have required minimum total erupted volumes of ~200,
000 km3 and 64,000 km3, respectively (Leverington, 2007, 2019a), and
the shallowly incised Athabasca Valles system is associated with an
estimated lava volume of only ~7500 km3 (Jaeger et al., 2010). For
Martian channel systems of all sizes, reaches formed as a result of deep
lava incision will very likely have required not only eruption of sub-
stantial volumes of lava, but also involvement of fluid viscosities of well
under 100 Pa s (e.g., Leverington, 2019b).

Recognition of a volcanic origin for Ma’adim Vallis resolves past in-
compatibilities between aqueous interpretations of this system and the
findings of the Spirit mission (Leverington, 2011), which revealed that
deposits accumulated near the mouth of the system are mainly volcanic
in character and lack obvious evidence for deposition in past lacustrine
environments (e.g., Squyres et al., 2004). In a similar manner, the
otherwise perplexing properties of the Viking 1 and Pathfinder landing
sites are resolved through recognition of the volcanic origins for channels
that terminate near these sites, including the Kasei Valles, Maja Valles,
and Ares Vallis systems (e.g., Leverington, 2011, 2018, 2019b). The style
of dry channel development at Ma’adim Vallis, involving effusion of
low-viscosity lavas from multiple highland sources not necessarily
marked by large areas of disturbed terrain, is only different from that
involved in formation of outflow systems with regard to the generally less
pronounced surface expression of involved volcanic plumbing systems.
The style of volcanism involved in the formation of Ma’adim Vallis is
expected to have been comparable to that which drove development of
nearby systems such as Al-Qahira Vallis and Durius Valles, as well as
many other highland channel networks on Mars (e.g., Leverington and
Maxwell, 2004; Leverington, 2005, 2006, 2011; Leone, 2014, 2020;
Gasparri et al., 2020).

Dry origins for Martian highland channel networks are arguably
further supported by recent difficulties in determining realistic driving
mechanisms for the warming events and high atmospheric pressures
required for aqueous development of channels by precipitation (Words-
worth, 2016). Such dry origins may also be congruous with the basic
nature of features previously considered to be good evidence for other-
wise unexpectedly large volumes of near-surface volatiles on Mars, such
as some impact features. Fluidized ejecta blankets with distinct lobate
margins have previously been interpreted as possible products of
water-rich slurries produced by the heating of ice-rich materials during
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impacts (e.g., Mouginis-Mark, 1981; Lucchitta, 1985; Costard, 1989), but
the absence of hydrated minerals at well-exposed examples of these
ejecta blankets such as those within the Nili Patera caldera floor has
instead suggested their emplacement as dry lavas (Bibring and Langevin,
2008); similar fluidized ejecta deposits are known for impact craters on
Venus (e.g., Phillips et al., 1991; You et al., 1995), independently sug-
gesting that formation of Martian fluidized ejecta blankets need not have
involved the melting of ground ice.

Overall, volcanic development of highland channel networks such as
Ma’adim Vallis is consistent with a wide range of geomorphological and
mineralogical attributes of the Martian surface, some of which are
entirely independent of the channels themselves. If valid, a volcanic
origin for highland channel networks further diminishes the role of
flowing water in the past development of Martian landscapes. Dry origins
for both the Martian outflow channels and highland networks would
bring estimates of surface and near-surface water contents back in line
with geochemical expectations and direct observations, and reduce or
eliminate the need to hypothesize past periods characterized by unex-
pectedly thick atmospheres and wet surface conditions (e.g., Lever-
ington, 2009, 2011, 2019a b; Leone, 2014, 2018, 2020).

8. Conclusions

Ma’adim Vallis has previously been interpreted as a product of
aqueous incision by long-term surface runoff, sapping, and/or cata-
strophic overflows from lakes. Aqueous interpretations of this channel
system have led to past hypotheses that water was once ponded within
Gusev crater, within topographic basins located along the main channel
of the system, and within adjacent basins of the northern lowlands and
southern highlands. A widely held interpretation of Ma’adim Vallis in-
volves channel development near the end of the Noachian as a result of
catastrophic drainage of a large and long-lived lake in the Eridania basin.
Problematically, obvious examples of fluvial or lacustrine sedimentary
deposits have proven difficult to identify at Ma’adim Vallis and associ-
ated basins. Instead, many features related to this channel system have
appearances and properties aligned with volcanic origins. Most notably,
basins and channels are widely mantled in the Ma’adim Vallis region by
ridged plains that have basic characteristics similar to those of lunar
flood lavas.

Much of Ma’adim Vallis is blanketed by fines that partly obscure the
mineralogy of underlying materials, but the mouth region of the system
at Gusev crater is known from in situ exploration conducted by the Spirit
rover to be substantially mantled by mineralogically pristine volcanic
flows of Hesperian age. The nature of aqueous alteration of Noachian-
aged materials in the Columbia Hills confirms the past action of local
hydrothermal processes but is not suggestive of past lacustrine conditions
here, and the mineralogical properties of the Eridania basin contradict
the hypothesized long-term existence of an enormous and long-lived lake
that suddenly released a proportion of its volume in northbound floods
and lost its remaining waters through evaporation or sublimation in
closed basins. Instead, the most economical interpretation of landforms
and surface materials associated with the Ma’adim Vallis system is that
hypothesized lacustrine environments have never existed at Gusev crater
or inside the Eridania basin.

The properties of Ma’adim Vallis are most consistent with dry vol-
canic origins involving effusions of low-viscosity flood lavas from mul-
tiple highland sources primarily during the Noachian and Hesperian.
Though most of the volcanic sources involved in eruption of these lavas
are expected to be buried, candidate examples of exposed volcanic
sources include the graben-like structures of Sirenum Fossae and other
Tharsis-radial structural features in the region. Parts of the Intermediate
basin of Ma’adim Vallis are characterized by the presence of ridged plains
of a character similar to that of the plains at Gusev crater and within the
Eridania basin, suggesting emplacement here of analogous low-viscosity
lava flows from sources located both inside and outside of local impact
craters. The channels that extend from some of these craters suggest
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incision by associated lavas during periods of overflow, which must
necessarily have been followed by decreases in lava levels, presumably as
a result of processes such as lava drainback into igneous intrusions.

A discharge rate of ~4.2 � 106 m3/s is estimated at Ma’adim Vallis
for flow depths of 20 m, lava viscosities of 1 Pa s, slopes of 0.4�, and 10
km channel widths. For 20-m-deep lavas with viscosities as low as 1 Pa s
and substrate slopes of up to 1�, mechanical incision rates in excess of 10
m/day and thermal incision rates of almost 3 m/day are possible. Total
incision rates of several meters per day are in line with past incision
estimates made for other volcanic channels of the inner solar system, and
could realistically have led to development of Ma’adim Vallis and other
highland channel networks on Mars. A minimum total erupted lava
volume of ~112,000 km3 is estimated for formation of Ma’adim Vallis,
but a larger total volume is likely since not all lavas can be assumed to
have been erupted under conditions promoting efficient channel incision.
Dry volcanic development of Ma’adim Vallis resolves the otherwise
perplexing character of Gusev crater materials, bringing the findings of
the Spirit mission into accord with channel origins.
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