
Planetary and Space Science 167 (2019) 54–70
Contents lists available at ScienceDirect

Planetary and Space Science

journal homepage: www.elsevier.com/locate/pss
Constraints on the nature of the effusive volcanic eruptions that incised Ravi
Vallis, Mars

David W. Leverington

Department of Geosciences, Texas Tech University, Lubbock, TX, 79409, USA
A R T I C L E I N F O

Keywords:
Mars
Channel
Volcanism
Lava
E-mail address: david.leverington@ttu.edu.

https://doi.org/10.1016/j.pss.2019.01.002
Received 27 July 2018; Received in revised form 3
Available online 7 January 2019
0032-0633/© 2019 Elsevier Ltd. All rights reserved
A B S T R A C T

Ravi Vallis is a Martian outflow channel that is widely interpreted as a product of one or more catastrophic
outbursts of groundwater from adjacent Aromatum Chaos. However, solar system analogs are unknown for for-
mation of large channels by outbursts from aquifers, and the Ravi Vallis region lacks the obvious sedimentological
and mineralogical signatures expected of aqueous origins. Instead, the basic nature of this channel system is
consistent with volcanic origins involving voluminous effusions of low-viscosity lavas. On bedrock slopes of only
0.2�, 50-m-deep lava flows with viscosities of 1 Pa s are predicted to have been characterized by discharge rates of
~3� 107m3/s for 25-km-wide flows, with associated mechanical incision rates of ~4m/day and thermal incision
rates of ~2m/day. Formation of Aromatum Chaos and the preserved 215-km-long extent of Ravi Vallis is
conservatively estimated on the basis of thermal considerations to have required eruption of a minimum of
~64,000 km3 of lava, but greater volumes would have been necessary to form the original (unknown) length of
this channel system. A volcanic origin for Ravi Vallis is consistent with development of all Martian outflow
channels by igneous processes, and with the broader premise that early development of immense volcanic channel
systems is typical of all large rocky bodies.
1. Introduction

The outflow channels of Mars consist of relatively large and low-order
channel systems that commence either at ridged volcanic plains or, more
typically, at topographic depressions that mark the sites of voluminous
fluid effusions from the subsurface (e.g., Greeley et al., 1977; Baker,
1982; Mars Channel Working Group, 1983; Carr, 1996). The presence of
anastomosing reaches, streamlined erosional residuals, cataracts, and
other scabland features at these systems is reminiscent of terrestrial
floodways such as those of the Channeled Scabland of Washington (e.g.,
Milton, 1973; Baker and Milton, 1974; Carr, 1974; Masursky et al.,
1977). Partly on this basis, Martian outflow channels are widely inter-
preted as the products of catastrophic outbursts of groundwater from
aquifers confined by frozen ground (e.g., Carr, 1979; Clifford, 1993,
2017; Clifford and Parker, 2001; Carr and Head, 2010, 2019; Rodriguez
et al., 2012; Larsen and Lamb, 2016; Lapotre et al., 2016; Head et al.,
2018; Baker, 2018; Zuber, 2018), though other mechanisms of formation
such as those involving surface or near-surface interactions between ice
and volcanic flows have also been proposed for some systems (e.g., Head
et al., 2003; Cassanelli and Head, 2016, 2018a, b; Hamilton et al., 2018;
Voelker et al., 2018). Aqueous interpretations of the Martian outflow
January 2019; Accepted 4 Janu

.

channels have influenced estimates of near-surface volatile abundances
(e.g., Squyres, 1989; Carr, 1996; Clifford and Parker, 2001; Carr and
Head, 2015, 2019; Head et al., 2018; Baker, 2018), inferences regarding
past variations in global climate (e.g., Sagan et al., 1973; Sharp and
Malin, 1975; Toon et al., 1980; Baker, 2001, 2018), and hypotheses
regarding the past capacity of the Martian environment to develop,
support, and distribute life (e.g., McKay, 1992; Dohm et al., 2004; Levy
and Head, 2005; Schulze-Makuch et al., 2007; Warner et al., 2010;
Durrant et al., 2017; Cabrol, 2018).

Ravi Vallis is a relatively small Hesperian-aged outflow channel that
is located in the highlands of Xanthe Terra, between Shalbatana Vallis
and Hydraotes Chaos (e.g., Carr, 1979, 2012; Komar, 1979; Nummedal
and Prior, 1981; Mars Channel Working Group, 1983; Moore et al., 1995;
Nelson and Greeley, 1999; Max and Clifford, 2001; Coleman, 2003;
Coleman and Baker, 2009; Mangold et al., 2016) (Fig. 1). The absence of
tributary channels at Ravi Vallis suggests its incision by fluids expelled
from the subsurface at adjacent Aromatum Chaos, and this system is
predominantly interpreted as a product of one or more catastrophic
outbursts of groundwater here (e.g., Moore et al., 1995; Nelson and
Greeley, 1999; Coleman, 2005; Marra et al., 2014; Berman et al., 2018).
However, proposed aqueous origins for Ravi Vallis and other Martian
ary 2019
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outflow channels suffer from problematic issues including the implausi-
bility of involved processes, a lack of relevant analogs, incongruities
between aqueous hypotheses of channel formation and surface miner-
alogy, and the absence of sedimentary deposits of obvious fluvial or
diluvial origin along component channels (e.g., Leverington, 2011).
These and other issues can be resolved for Ravi Vallis and other Martian
outflow channels by replacing aqueous processes with more realistic
mechanisms involving voluminous eruptions of low-viscosity lavas.
Volcanic origins are consistent with the basic geological and morpho-
logical attributes of the Martian outflow channels (e.g., Schonfeld, 1979;
Leverington, 2007, 2009, 2018; Hopper and Leverington, 2014; Leone,
2014, 2017; Baumgartner et al., 2015, 2017), and with the congruence
between these attributes and those of ancient volcanic channel systems
on other rocky bodies of the inner solar system (e.g., Leveringon and
Maxwell, 2004, 2011; 2014; Byrne et al., 2013).

The purpose of this paper is to introduce a volcanic interpretation of
the Ravi Vallis channel system, and to highlight the general consistency
of the properties of this system with formation by voluminous effusions
of low-viscosity lavas. The basic capacity of deep magmatic plumbing
systems for development of the Martian outflow channels is outlined, and
constraints are placed on the flow conditions, discharge rates, and total
lava volumes that might have been involved in the development of Ravi
Vallis.

2. Overview of the Ravi Vallis outflow system

Ravi Vallis consists of anastomosing channels that collectively form a
relatively small outflow system that varies in width from ~20 to 70 km
and extends a total of ~215 km northeastward across Late Noachian
cratered plains from Aromatum Chaos (Moore et al., 1995; Wilson et al.,
2004; Coleman, 2005; Leask et al., 2006b; Marra et al., 2014; Berman
et al., 2018) (Figs. 1–6). Highland plains adjacent to Ravi Vallis are
smooth to mottled in appearance, and are associated in places with fea-
tures such as wrinkle ridges and localized areas of collapse (Berman et al.,
2018). Crater counts suggest that Ravi Vallis formed in the Early Hes-
perian (Berman et al., 2018), or possibly in the Middle-to Late Hesperian
(Scott and Tanaka, 1986; Tanaka, 1997; Coleman, 2005; Coleman and
Baker, 2009). The absolute age of Ravi Vallis has recently been estimated
to be ~3.4 Ga (Berman et al., 2018). The timing of formation of Ravi
Vallis relative to that of nearby Shalbatana Vallis remains uncertain
Fig. 1. Mars Orbiter Laser Altimeter (MOLA) topographic map of the Ravi Vallis
region (after Smith et al., 2003). The Ravi Vallis system heads at Aromatum
Chaos and extends ~215 km northeastward, terminating at Hydraotes Chaos.

55
(Coleman, 2005). The most distal reaches of Ravi Vallis are truncated by
Hydraotes Chaos (Moore et al., 1995; Ori andMosangini, 1998; Coleman,
2005; Leask et al., 2006a; Coleman and Baker, 2009; Sato et al., 2010),
and any channel segments that originally existed beyond this area were
destroyed by the later development of Hydraotes Chaos and possibly
other features such as Chryse Chaos (Nelson and Greeley, 1999; Coleman,
2005). The original length of Ravi Vallis is unknown.

The topographic depression that contains Aromatum Chaos is
~90 km long and averages ~30 km in width, and is characterized by an
interior morphology that is dominated by irregularly-shaped terrain
blocks (Fig. 5b) that generally decrease in size toward the eastern end
(Leask et al., 2006a). Most of this basin is bounded along its outer
perimeter by sharp and relatively steep escarpments that are partly
mantled by talus (e.g., Max and Clifford, 2001; Berman et al., 2018)
(Fig. 5b). As with other regions of chaos on Mars, the morphology of
Aromatum Chaos is suggestive of development through terrain degra-
dation and collapse caused by fluid effusions and by the removal of
material in the subsurface (e.g., Sharp, 1973; Moore et al., 1995; Max and
Clifford, 2001; Coleman, 2005; Leask et al., 2006a; Andrews-Hanna and
Phillips, 2007; Leone, 2014). The deepest parts of the floor of Aromatum
Chaos are as great as ~3.4 km below adjacent upland plateaus and
~1.5 km below the proximate floor of Ravi Vallis (Carr, 2012). Upland
areas near Aromatum Chaos show signs of disturbance in the form of pits
and fracture-like features (e.g., Leask et al., 2006a; Leone, 2014; Sewell
et al., 2017) (Figs. 5a and 6f). A prominent lava flow extends south-
eastward across upland plains from the southern margin of Aromatum
Chaos (Figs. 3 and 6b), and crater counts suggest emplacement of this
flow in the same approximate time frame as the formation of Ravi Vallis
itself (Berman and Rodriguez, 2016; Berman et al., 2018). Sinuous
channels with typical widths of ~1 km extend across parts of the uplands
adjacent to Aromatum Chaos and Ravi Vallis (Figs. 3 and 6a). The total
volume of material estimated to have been lost during development of
Aromatum Chaos is ~4090 km3 (Leask et al., 2006a).

The Ravi Vallis system consists of channels that in places anastamose
about streamlined erosional residuals (e.g., Coleman, 2005) (Fig. 5c).
Overall, the floors of these channels decrease in elevation by
~300–700m over the full ~215 km distance between the eastern edge of
Aromatum Chaos and the western edge of Hydraotes Chaos, and the
system correspondingly has an average longitudinal slope of ~0.1–0.2�

(Fig. 4). Terraces are present along some channel margins, channel floors
are mantled in places by ponded materials that form smooth plains (e.g.,
Fig. 6e), and sets of longitudinal ridges that have ridge-to-ridge spacings
of ~250–600m are present along some channel reaches (Leask et al.,
2006b; Mangold et al., 2016) (Fig. 5d). Ejecta of the 30-km-diameter
Dia-Cau impact crater (Fig. 2) extends across part of the outflow sys-
tem area but is not present on the floor of Aromatum Chaos or Ravi Vallis,
implying that this crater is older than the most recent period of channel
development (Leask et al., 2006a). As at other Martian outflow channels
(e.g., Chapman et al., 2010a, b; Leverington, 2018), the morphology of
the floor of Ravi Vallis suggests initial formation of relatively wide and
shallow channels by poorly-confined flows, and the associated deposition
of higher-elevation smooth plains materials (Berman et al., 2018)
(Figure 3 and Figure 6cd), followed by the gradual incision of deeper and
narrower channels within which erosional features are more clearly
evident (Coleman, 2005; Leask et al., 2006b; Wilson et al., 2009a).
Vertical incision of Ravi Vallis is believed to have exceeded 700m in
places and may have locally reached ~900m (Wilson et al., 2004;
Coleman, 2005; Coleman and Baker, 2009). The total volume of material
estimated to have been removed in the development of the Ravi Vallis
channel system is ~4190 km3 (Leask et al., 2006b).

Estimates of thermal inertia can be used to help infer the predominant
particle sizes at and near the surface of regions of interest, which can
involve combinations of endmembers such as dust (~50 Jm�2 K�1 sec�1/

2), sand (~225 Jm�2 K�1 sec�1/2), duricrust (~900 Jm�2 K�1 sec�1/2),
and rock (~2500 Jm�2 K�1 sec�1/2) (Putzig and Mellon, 2007). Esti-
mates of nighttime thermal inertia based on Thermal Emission



Fig. 3. Geological map of Ravi Vallis (simplified after Berman et al., 2018; see also e.g. Moore et al., 1995). The depicted area is outlined in Fig. 2.

Fig. 2. THEMIS (Thermal Emission Imaging System) daytime infrared mosaic of Ravi Vallis. The depicted area is outlined in Fig. 1. The area depicted in Fig. 3 is
indicated, and smaller areas depicted in Figs. 5 and 6 are also given. Mosaic courtesy of Arizona State University.
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Fig. 4. Elevations and absolute kilometer-scale slopes of Ravi Vallis along one of
numerous possible longitudinal paths (red line) (MOLA data after Smith et al.,
2003). Slopes along this path are predominantly less than 1�, except where
associated with irregular terrain features such as those of Iamuna Chaos and
Oxia Chaos (Fig. 2). (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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Spectrometer (TES) and Thermal Emission Imaging System (THEMIS)
data mainly range from~160 to 350 Jm�2 K�1 sec�1/2 for the Ravi Vallis
system (Putzig and Mellon, 2007; Christensen and Fergason, 2013),
suggesting widespread mantling by dust- and sand-sized particles.
Immediately beyond the preserved limits of Ravi Vallis, where the
channel system sharply transitions to Hydraotes Chaos, exposure of
coarser or more consolidated materials is implied by thermal inertia
values as great as ~600–850 Jm�2 K�1 sec�1/2. Sets of aeolian ripples
extend across the interiors of numerous topographic basins in the region
(e.g., Fig. 6f). Despite the presence of sedimentarymantles, hydrous silica
and smectite clays have been locally identified within the uplands of
Xanthe Terra (e.g., Carter et al., 2013; Berman et al., 2018), and
olivine-rich volcanic units of Noachian age are in places exposed in the
walls and along the floor and adjacent uplands of Ganges Chasma,
located south of Ravi Vallis (e.g., Christensen et al., 2003; Edwards et al.,
2008).

3. Aqueous interpretations of Ravi Vallis

Aqueous interpretations of Ravi Vallis have mainly involved the hy-
pothesized occurrence of groundwater outbursts produced by the
breaching of a confining cryosphere at Aromatum Chaos by tectonic,
impact, or igneous events; with resulting channel incision eventually also
promoting the release of volatiles, and possibly the development of
voluminous secondary outbursts, at Iamuna Chaos and Oxia Chaos
(Moore et al., 1995; Nelson and Greeley, 1999; Coleman, 2005, 2016;
Leask et al., 2006a, Coleman and Baker, 2009; Wilson et al., 2009a;
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Rodriguez et al., 2011) (Fig. 2). Outflow of water from the subsurface,
perhaps in concert with the melting of local ground ice, is hypothesized
to have caused terrain collapse and the related development of chaotic
terrain (Coleman, 2005; Leask et al., 2006a). Under aqueous hypotheses,
the longitudinal ridges and grooves of Martian outflow channels are
generally interpreted as scour features possibly related to longitudinal
roller vortices such as those hypothesized to have operated at the
Channeled Scablands of Washington (e.g., Baker, 2009). Any absence of
expected sedimentary deposits at the Martian outflow channels and
within their terminal basins can potentially be attributed to their sus-
ceptibility to weathering and erosional processes (e.g., Ghatan and
Zimbelman, 2006), to their burial by younger units including lava flows
(e.g., Squyres et al., 2004), or to their never having been deposited as
prominent landforms as a result of processes such as hyperpychnal flow
(e.g., Ivanov and Head, 2001). Formation of both Ravi Vallis and adja-
cent Shalbatana Vallis has been linked by some workers to the past ex-
istence of a deep lake in Ganges Chasma to the south, which is cited as a
possible source for replenishment of the aquifer that drove expulsions of
water to the surface at Aromatum Chaos (e.g., Carr, 1995, 1996; Cabrol
et al., 1997; Nelson and Greeley, 1999; Rodriguez et al., 2003; Coleman,
2003, 2005; Leask et al., 2006a b). Later development of Hydraotes
Chaos has been interpreted as a possible consequence of the expulsion of
groundwater from an aquifer disrupted by local igneous activity, and the
existence here of small cones with summit craters is suggestive of past
volcanic activity (Meresse et al., 2007).

Development of both Ravi Vallis and Aromatum Chaos by ground-
water outbursts is expected to have involved the removal of ~7200 km3

of rock and 1100 km3 of ice, representing a total volumetric loss of
~8300 km3 (Leask et al., 2006a). Under assumed sediment loads of
10–40% by volume, formation of Aromatum Chaos and Ravi Vallis would
have required ~65,000 to 11,000 km3 of water, respectively (Leask et al.,
2006b). Depths of ~50–150m are postulated for channelized water
flows, with estimates of peak water fluxes on the order of ~106–107m3/s
(Coleman, 2005; Leask et al., 2006b; Wilson et al., 2009a).

The permeabilities required of some aqueous outburst models range
as high as ~10�6 to 10�7 m2, which are typical of loose gravel and are up
to six or more orders of magnitude greater than might otherwise be ex-
pected across large volumes of crust on Mars (Head et al., 2003; Wilson
et al., 2009a; Marra et al., 2014). Other models suggest that much lower
permeabilities of ~10�11 to 10�15 m2 are in fact sufficient for formation
of Martian outflow channels and associated regions of chaos (e.g.,
Andrews-Hanna and Phillips, 2007; Andrews-Hanna et al., 2010). The
results of recent work suggests that outbursts of groundwater involving
rates sufficiently high to form outflow channels cannot be generated by
direct effusions from aquifers without the operation of special processes
involving catastrophic releases from groundwater pooled within sub-
surface voids produced by crustal flexure (Marra et al., 2014). The
rupture of this type of flexure-produced subsurface reservoir, with a total
volume of 8500 km3, is proposed by some workers to have driven for-
mation of Ravi Vallis (Marra et al., 2014) and to have involved peak
discharges similar to those previously estimated by Leask et al. (2006b).

4. Volcanic formation of the Martian outflow channels

Aqueous models of Martian outflow channel development suffer from
numerous shortcomings. For example, there are no known solar system
analogs for formation of large channel systems by catastrophic outbursts
of groundwater (Leverington, 2011). The largest known aqueous floods
on Earth, including those associated with glacial lakes Missoula and
Agassiz, were not driven by sudden effusions of water from the subsur-
face and instead involved releases of water bodies that had been confined
by ice dams or other barriers to surface flow (e.g., Bretz, 1969; Lever-
ington et al., 2000, 2002). Despite assumptions of remarkably high
sediment loads of ~20–50% (e.g., Komar, 1980; Carr, 1996; Leask et al.,
2006b, 2007; Carr and Head, 2015), clear sedimentary evidence for
aqueous floods is apparently absent at the outflow channels. Specifically,



Fig. 5. Examples of landforms associated with Aromatum Chaos (A and B) and Ravi Vallis (C and D): A) fractures and elongate pits on Xanthe Terra uplands located
immediately west of Aromatum Chaos; B) terrain blocks and mounds (B) and talus materials (T) within Aromatum Chaos; C) up-channel extent of an erosional residual
(E) within Ravi Vallis; D) terrace (T) and longitudinal ridges (R) within Ravi Vallis. Context Camera (CTX) images: A: D08_030491_1786_XI_01S043W. B:
P03_002286_1788_XI_01S043W. C: G03_019533_1809_XN_00N040W. D: P15_006967_1795_XN_00S041W. The locations of depicted areas are given in Fig. 2.
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though candidate fluvial deposits continue to be proposed and consid-
ered (e.g., Durrant et al., 2017; Hamilton et al., 2018; Kukkonen and
Kostama, 2018), obvious examples of fluvial or diluvial sedimentary
deposits do not appear to exist along these channel systems (Greeley
et al., 1977; Burr and Parker, 2006; Ghatan and Zimbelman, 2006; Lev-
erington, 2007, 2009; 2018; Carling et al., 2009; Hobbs et al., 2011;
Leone, 2014, 2017; Rice and Baker, 2015). The outflow channels of Mars
lack deltas at their terminal reaches (e.g., Schonfeld, 1977a; Leverington,
2004, 2007; 2011; Leone, 2014, 2017; Rice and Baker, 2015), and
though candidate shoreline positions have been proposed for terminal
basins (e.g., Parker et al., 1993; Head et al., 1999; Clifford and Parker,
2001; Carr and Head, 2003; Fair�en et al., 2003; Di Achille and Hynek,
2010; Rodriguez et al., 2016; Citron et al., 2018), obvious examples of
associated depositional features such as beaches, spits, and offshore bars
remain elusive (e.g., Malin and Edgett, 1999; Ghatan and Zimbelman,
2006; Leverington, 2011; Pretlow, 2013; Leone, 2014).

Mineralogical evidence in support of aqueous development of the
Martian outflow channels is similarly lacking. Global mineralogical evi-
dence confirms the predominance of extremely dry conditions during the
interval of outflow channel formation, mainly extending across the
Hesperian and well into the Amazonian (e.g., Hoefen et al., 2003; Goetz
et al., 2005; Rogers et al., 2005; Bibring et al., 2005, 2006; Koeppen and
Hamilton, 2008; Carr and Head, 2010; Hand, 2012; Ehlmann, 2014;
Salvatore et al., 2014; Amador et al., 2018). There is extensive preser-
vation of ancient and apparently pristine olivine-rich units in the walls of
outflow systems such as Ares Vallis and of deep canyon systems including
Valles Marineris (e.g., Christensen et al., 2003; Edwards et al., 2008),
despite reliance of aqueous outburst hypotheses on the long-term satu-
ration of the upper ~10 km of the Martian crust and regolith by water
variously in its liquid and solid forms (e.g., Baker et al., 1991; Clifford,
1993; Baker, 2001; Clifford and Parker, 2001; Wilson et al., 2009a).
There is little correlation between the geographic distribution of Martian
outflow channel systems and that of hydrated minerals (e.g., Bibring
et al., 2006; Mangold et al., 2008; Carter et al., 2013; Wilson and
Mustard, 2013; Ehlmann, 2014), which is very difficult to reconcile with
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purported aqueous origins for these channels (e.g., Leverington, 2009,
2011; Leone, 2014, 2018), and terminal basins of outflow systems clearly
lack the extensive zones of aqueous alteration and evaporite deposition
expected of ancient oceans (e.g., Fair�en et al., 2011; Mouginot et al.,
2012; Pan et al., 2017). Past hydrous environments on Mars (e.g.,
possible sites of hydrothermal alteration) were markedly restricted in
their geographic and temporal extents during the time frame of devel-
opment of the Martian outflow channels (e.g., Bibring et al., 2006;
Christensen et al., 2008; Leverington, 2009, 2011; Leone, 2014, 2018;
Cull-Hearth and Clark, 2017; Amador et al., 2018). Even at isolated
Martian sites where hydrous minerals are known to be relatively abun-
dant (e.g., sites visited by the Opportunity and Curiosity rovers), the local
presence of minerals formed by incomplete processes of diagenesis im-
plies that dry conditions must have prevailed over the billions of years
since the time of alteration (e.g., Fair�en et al., 2009; Tosca and Knoll,
2009; McLennan, 2012; Rapin et al., 2018). Estimates of Martian
near-surface volatile contents from independent mineralogical and
geochemical considerations are not congruent with the much larger
volumes considered essential for aqueous development of the Martian
outflow channels (e.g., Carr, 1986; Carr and W€anke, 1992; W€anke and
Dreibus, 1994; Beaty et al., 2005; Carr and Head, 2015; Breuer et al.,
2016).

Martian outflow systems head either at ridged volcanic plains or,
more typically, at topographic depressions that mark the sites of volu-
minous fluid effusions from the subsurface, and channel heads are in
many cases closely associated with obvious volcanic features and flows
(e.g., Plescia, 1990; Keszthelyi et al., 2000, 2004; 2006; Leverington,
2007, 2009; 2011, 2018; Jaeger et al., 2010; Chapman et al., 2010a;
Hopper and Leverington, 2014; Leone, 2014, 2017; Hamilton et al.,
2018; Korteniemi and Kukkonen, 2018). Component channels extend
downslope from source features and are typically partly mantled by
volcanic flows, and in most cases terminate in basins that are clearly
mantled by thick and extensive flood lavas (e.g., Greeley et al., 1977;
Baker, 1982; Carr, 1996; Leverington, 2007, 2011, 2018). The above
attributes correspond closely to those of ancient volcanic channels on the



Fig. 6. Examples of likely volcanic landforms within the Xanthe Terra uplands adjacent to Ravi Vallis (A, B, F) and within the Ravi Vallis channel system (C, D, E). A)
sinuous channel on Xanthe Terra upland; B) lava flow erupted from the southern margin of Aromatum Chaos (selected flow margins indicated by F); C and D) smooth
plains materials associated with the northern part of Ravi Vallis; E) Ravi Vallis basin partly filled with dark lobate-margined unit (margins indicated by arrows); F)
elongate upland pit with raised margins and interior mantled by extensive aeolian deposits (e.g., light-shaded materials at A). CTX images: A:
G22_026891_1768_XN_03S042W. B: F20_043572_1786_XN_01S041W. C: J01_045049_1802_XN_00N040W. D: G21_026258_1796_XI_00S041W. E:
B11_014008_1795_XN_00S042W. F: D09_030702_1789_XI_01S043W. The locations of depicted areas are given in Fig. 2.
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Moon, Venus, Mercury, and Earth (e.g., Leverington, 2004, 2011; 2014;
Byrne et al., 2013). Where well preserved and exposed, such volcanic
analog systems head at volcanic sources marked by topographic de-
pressions, show evidence for having conveyed lavas along component
channels, and terminate at basins mantled by extensive volcanic flows.

Lunar channel systems with lengths of up to hundreds of kilometers
and widths of up to ~5 km (e.g., Gornitz, 1973; Wilhelms, 1987; Garry
and Bleacher, 2011; Hurwitz et al., 2013a; Roberts and Gregg, 2018)
were formed by mafic or ultramafic lavas flowing with minimum vis-
cosities of ~0.5 Pa s and at maximum flow rates of >4000m3/s (Murase
and McBirney, 1970, 1973; Greeley, 1971; Weill et al., 1971; Hulme,
1973; Hulme and Fielder, 1977; Williams et al., 2000; Hurwitz et al.,
2012) (Fig. 7). Venusian systems with lengths of up to thousands of ki-
lometers and widths of up to tens of kilometers (Baker et al., 1992, 1997;
Head et al., 1992; Komatsu et al., 1993; Komatsu and Baker, 1994;
Komatsu, 2007) were formed by lavas with minimum viscosities at least
as low as ~4.5–7.5 Pa s and flow rates as great as ~5� 107m3/s (Kargel
et al., 1993; Baker et al., 1997) (Fig. 8). Mercurian systems with lengths
of up to ~161 km and maximum widths in excess of 30 km (Head et al.,
2011; Byrne et al., 2013) were formed by mafic lavas with viscosities of
~0.02–14.2 Pa s and flow rates as great as ~106–108m3/s (Stock-
still-Cahill et al., 2012; Byrne et al., 2013; Hurwitz et al., 2013b) (Fig. 9).
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Volcanic channels with sizes and properties similar to those of lunar rilles
were formed on the Earth during the Archean and Proterozoic by ultra-
mafic lavas with minimum viscosities at least as low as ~0.1–1 Pa s and
associated maximum flow rates in excess of ~105–106m3/s (e.g., Wil-
liams et al., 2001, 2011). Much larger systems are likely to have devel-
oped in the first ~1 Ga of Earth's history (Leverington, 2014).

5. A volcanic interpretation of Ravi Vallis

Clear evidence for development of the Ravi Vallis channel system by
groundwater outbursts is lacking. For example, as is the case at other
Martian outflow channels (e.g., Rice and Baker, 2015), obvious examples
of fluvial or diluvial sedimentary features are not recognized along
component channels of this system. Furthermore, the extensive hydrous
alteration that would be expected of the aqueous development of Ravi
Vallis and other outflow systems (involving an upper crust saturated with
groundwater over geological timescales) are apparently missing at
exposed olivine-rich uplands and interior walls of Valles Marineris to the
south (e.g., Christensen et al., 2003; Edwards et al., 2008; Leverington,
2009; Leone, 2014, 2018; Cull-Hearth and Clark, 2017; Amador et al.,
2018). The extensive hydrous alteration and thick mantling by evaporite
minerals expected of past sites of large Martian water bodies have not



Fig. 7. Two examples of the lunar Rimae Prinz group of sinuous volcanic
channels. These systems head at topographic depressions (H) that mark the sites
of voluminous effusions of low-viscosity lavas (e.g., Hurwitz et al., 2012). Apollo
15 metric camera image 2081.

Fig. 9. Angkor Vallis is one of ~10 large volcanic channel systems that devel-
oped during emplacement of flood lavas in the northern hemisphere of Mercury
(Head et al., 2011; Byrne et al., 2013). Mosaic of MESSENGER (MErcury Sur-
face, Space ENvironment, GEochemistry, and Ranging) Wide Angle Camera
images EW0261568757G, EW0246417788G, and EW0231221923G.
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been identified within the Chryse basin (e.g., Pan et al., 2017), a basin
that is thickly mantled by mare-style flood basalts (e.g., Greeley et al.,
1977) and which is likely to have been the ultimate terminal basin of the
Ravi Vallis system or the channel systems into which it might have
flowed.

Permeabilities expected of the Martian near surface are unlikely to
have been sufficient for the development of Ravi Vallis by direct cata-
strophic effusions from megaregolith aquifers (Marra et al., 2014). Se-
vere disruption of rock units during aqueous outburst events has
previously been suggested as a possible means by which permeabilities
near the heads of Martian outflow channels could have been increased
(e.g., Carr, 1996), but such a mechanism cannot account for the high
permeabilities required of aquifers that necessarily extend far beyond the
limits of disrupted units (Andrews-Hanna and Phillips, 2007). The hy-
pothesized driving of flood events by releases of groundwater collected in
voids produced by crustal flexure can theoretically provide sufficient
outflow rates for development of large outflow systems (Marra et al.,
2014), but meaningful analogs for catastrophic formation of large
aqueous channels by such processes are not known. The development of
large crustal voids within which voluminous fluids can collect or be
transmitted is a mechanism normally associated with igneous processes,
which are a natural outcome of the enormous fluid pressures associated
with deeply-rooted magmatic plumbing systems (e.g., Leverington,
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2011).
The basic character of the Ravi Vallis channel system is consistent

with volcanic origins. The highlands with which this system is associated
are characterized by the presence of volcanic landforms such as lava
flows and wrinkle ridges (e.g., Berman et al., 2018). The region imme-
diately adjacent to Aromatum Chaos and Ravi Vallis contains localized
areas of topographic disturbance including features interpreted as
possible maars (Sewell et al., 2017) (though dry volcanic origins for these
pits would be more consistent with regional mineralogy), and is also
associated with other possible volcanic features such as small sinuous
channels. Aromatum Chaos represents a zone of disturbance that marks
the site of voluminous fluid effusions from the subsurface. This feature is
geographically associated with the canyons of Valles Marineris, which
form themost prominent of a radial network of structures centered on the
Tharsis volcanic province (Wilson and Head, 2002), and which are
interpreted by some workers to have developed through igneous mech-
anisms that drove volcanic development of several of the largest outflow
channel systems of the circum-Chryse region (e.g., Schonfeld, 1979;
Leverington, 2011; Leone, 2014). A prominent lava flow extends from
the southern margin of Aromatum Chaos and, based on crater counts,
was likely erupted from this feature in approximately the same time
Fig. 8. Middle reaches of Kallistos Vallis, a ~1200-
km-long volcanic outflow system located in the Lada
Terra region of Venus. This system heads at an
extensive zone of chaotic terrain (e.g., Leverington,
2011), and channel segments located downslope of
this source are characterized in places by the presence
of streamlined erosional residuals (e.g., at R) (Baker
et al., 1992, 1997; Hopper and Leverington, 2014).
Magellan full-resolution radar map (FMAP) left-look
synthetic aperture radar mosaic; radar illumination
is from the left.



Fig. 10. Schematic illustration of an intrusion system that extends from the top
of a melt zone, located at a rheological boundary within the upper mantle, to the
Martian surface (modified after Wilson and Head, 2017a). Intrusion systems
with these or similar properties are likely to have had the capacity to drive
formation of Ravi Valles and other Martian outflow systems. Parameters used in
Equations (1) and (2) are defined.
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frame as the development of Ravi Vallis (Berman and Rodriguez, 2016;
Berman et al., 2018). In places, the various smooth plains units associated
with the margins and floors of Ravi Vallis (e.g., Berman et al., 2017,
2018) are characterized by the presence of rille-like channels (e.g.,
Fig. 6d) and units with lobate flow margins, features which are not
uniquely indicative of volcanic origins but are consistent with such an
interpretation. The longitudinal ridges and gullies present along the
floors of some segments of Ravi Vallis are similar to those present at
Athabasca Valles, a Martian channel system interpreted by some workers
as having possibly (e.g., Keszthelyi et al., 2017) or certainly (e.g., Lev-
erington, 2011) been developed exclusively by volcanic processes. Under
the volcanic interpretation of the Ravi Vallis system, the two additional
sites of terrain disturbance located along the Ravi Vallis channel, Iamuna
Chaos and Oxia Chaos, are considered likely secondary sites of igneous
activity that might have also contributed to channel development.

Analogs for formation of large channel systems by catastrophic re-
leases of groundwater are not known, but the basic properties and
geological context of Ravi Vallis are fully aligned with those of ancient
volcanic channels of the inner solar system. Disturbance at the heads of
volcanic channel systems should result in part from the melting and
collapse of country rock during the shallow intrusion of magmas, and
channel incision is an expected outcome of voluminous effusions of low-
viscosity lavas. For example, lunar and Mercurian channel systems are
also associated with igneous source depressions and with channels
characterized by features such as terraces and streamlined erosional re-
siduals (e.g., Leverington, 2004, 2011; Head et al., 2011; Byrne et al.,
2013). Systems of shallow igneous intrusions can fracture and undermine
volcanic units pooled within impact basins on bodies such as the Moon
(e.g., Jozwiak et al., 2012; Wilson and Head, 2018), disrupting these
units in a manner that does not require the melting of ice and that can
superficially resemble that which is characteristic of chaotic terrain on
Mars. As with Ravi Vallis, the 1200-km-long Venusian volcanic channel
Kallistos Vallis heads at an extensive zone of chaotic terrain and is
characterized along numerous reaches by the presence of anastomosing
channels and complex sets of streamlined erosional residuals that
collectively define extensive scablands (e.g., Baker et al., 1992, 1997;
Hopper and Leverington, 2014). Close correspondence with the basic
properties expected of large volcanic channels, and the clear capacity of
ancient igneous plumbing systems to have driven development of large
channels on multiple rocky bodies of the inner solar system through
eruption of low-viscosity lavas (e.g., Hulme, 1973, 1974; 1982; Hulme
and Fielder, 1977; Huppert et al., 1984; Huppert and Sparks, 1985; Baker
et al., 1997; Williams et al., 2000, 2001; 2005, 2011; Jaeger et al., 2010;
Hurwitz et al., 2012; Byrne et al., 2013; Dundas and Keszthelyi, 2014;
Leverington, 2011, 2014; Hopper and Leverington, 2014; Baumgartner
et al., 2015, 2017; Staude et al., 2016, 2017; Lesher, 2017), are consistent
with formation of Ravi Vallis by effusions of lava at Aromatum Chaos.

6. Constraints on igneous plumbing systems and surface flow
conditions

If the Ravi Vallis channel system formed as a result of voluminous
effusions of low-viscosity lavas at Aromatum Chaos, what kinds of
igneous processes and flow conditions might have been involved, and
what volumes of magma might have been effused to the surface?

6.1. Deeply rooted igneous plumbing systems

Though substantial collapse has taken place at Aromatum Chaos, a
relatively deep primary magma source is suggested here by the lack of
association with a well-defined set of calderas or a large volcanic cone.
Some plume-like environments on Mars, involving the buoyant rise of
mantle rock and its partial melting during depressurization, are very
likely to have had the capacity to drive production and eruption of
magmas at sufficient volumes and rates to form outflow systems (e.g.,
Leverington, 2007, 2011). On Earth, Large Igneous Provinces are
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underlain by enormous mafic and ultramafic intrusive bodies that were
produced by sublithospheric melting within mantle plumes, and these
bodies acted as the sources for later voluminous emplacement of lavas at
the surface (e.g., Karlstrom and Richards, 2011). In the absence of excess
pressures such as those produced by high rates of magma influx from the
mantle below (e.g., Maaløe, 2002), the relatively dense ultramafic melts
generated in these terrestrial plume environments are expected to have
pooled beneath the crust until magma buoyancy developed as a result of
fractional crystallization and the concentration of incompatible volatile
species in remaining magmas, eventually leading to the rupture of
confining rock units and the progressive development of mafic intrusions
that reached the surface and fed large eruptions (Karlstrom and Richards,
2011).

The pooling of melts at deeper rheological boundaries within the
uppermost mantle itself (e.g., near the base of the lithosphere) offers an
especially attractive mechanism for driving large volumes of mafic or
ultramafic magma to the surface in a manner that could have led to
development of the Martian outflow channels (Leverington, 2011)
(Fig. 10). The development of large intrusion systems from melt zones
within the upper mantle is analogously believed to have led to the
emplacement of very long mare flows on the Moon and the development
of lunar volcanic channels (e.g., Wilson and Head, 2017a, b), as well as
the formation of both large and small volcanic features on Mars (e.g.,
Wilson and Head, 2002; Wilson et al., 2009b; Keszthelyi et al., 2014a;
Brustel et al., 2017; Bouley et al., 2018). The positive buoyancy of
magma pooled at a rheological boundary within the upper mantle will
generate excess pressure at the lower inlet of an associated intrusion
system that extends to the surface, and this excess pressure will in many
circumstances be sufficiently great to support a column of magma from
these depths to the surface (Head and Wilson, 1992; Wilson and Head,
2002, 2017a). The capacity to drive magmas to the surface can be further
increased by the existence of mantle melt zones that extend across sub-
stantial vertical extents beneath the rheological boundary (Wilson and
Head, 2017a) (Fig. 10).

The height to which magma is expected to rise in a connected path
from the top of a melt zone located within the upper mantle is given by
(Wilson and Head, 2017a):

H ¼ [C (ρmantle - ρcrust) – (Z þ E) (ρmantle – ρmagma)] / ρmagma (1)

where H is the depth of the top of an intrusion system (relative to the
surface), C is the thickness of the crust, ρmantle is the density of the upper
mantle, ρcrust is the density of the crust, Z is the depth to the top of a melt
zone in a shallow mantle, E is the vertical extent of the melt zone, and



Fig. 11. Estimated magma-driving pressure gradients (dP/dz in Pa/m) for a 58-
km-thick Martian crust and for a range of possible underlying mantle thicknesses
and melt-zone thicknesses. Mantle thickness refers to the amount of mantle
within which the upper part of an intrusion system is rooted (Z minus C in
Fig. 10), and melt-zone thickness refers to the thickness of mantle within which
melts are generated and that underlies the intrusion system (E in Fig. 10).
Plumbing systems associated with thickness parameters of the depicted mag-
nitudes can readily generate pressure gradients of ~500 to >1000 Pa/m, which
are certainly sufficient to have driven low-viscosity magmas from large Martian
magma chambers to the surface with high rates of flow (e.g., Wilson et al.,
2009b; Brustel et al., 2017).
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ρmagma is the density of the magma (Fig. 10). H values calculated using
Equation (1) are positive if an intrusion system is predicted to stall
beneath the surface, and are negative if excess pressures are sufficient to
extend an intrusion system above the surface. The magma-driving pres-
sure gradient within an intrusion system is given by (Wilson and Head,
2017a):

dP/dz ¼ (g/Z) [(Z þ E) (ρmantle – ρmagma) – C (ρmantle - ρcrust)] (2)

where dP/dz is the pressure gradient, and g is gravitational acceleration.
The implications of Equations (1) and (2) for the capacity of deeply-

rootedmagma systems to deliver magmas to the surface can be illustrated
through consideration of several candidate scenarios. The mean crustal
thickness of the southern highlands today is estimated to be ~58 km
(Neumann et al., 2004), and the mean densities of the Martian crust and
upper mantle can be respectively taken to be ~2900 kg/m3 (McGovern
et al., 2002) and ~3500 kg/m3 (Neumann et al., 2004). Conservatively
assuming a magma density of 3000 kg/m3 (a lower and more buoyant
density approaching ~2500 kg/m3 may be more appropriate for cases
involving relatively high volatile contents in magmas; e.g., Brustel et al.,
2017) and the existence of a volume of magma sufficient to form a large
intrusion system, and assuming that a mantle melt zone is very thin
(treated as zero thickness), the mantle melts at the base of a 58-km-thick
crust would be expected by Equation (1) to have a capacity to reach no
higher than ~1.9 km beneath the Martian surface (in the absence of
excess pressures such as those related to high rates of melt influx or
changes in buoyancy because of reductions in magma density from
fractional crystallization or because of exsolution of volatiles), producing
an intrusion that is shallowly stalled within the crust. In contrast, if the
very thin melt zone is instead situated at a rheological boundary located
more than 11.6 km beneath the base of the crust (i.e., at an overall depth
below the surface that exceeds 58 þ 11.6 ¼ 69.6 km), magmas would be
expected to have sufficient buoyancy to reach the surface as long as
sufficient fluid volumes could be drawn from the source region. Thin
Martianmelt zones at mantle depths greater than 11.6 kmwould produce
progressively greater excess pressures and would more readily be driven
to the surface against gravity and wall friction, facilitating the occurrence
of voluminous eruptions (for example, the pressure at the inlet of an
intrusion system that extends 100 km beneath a 58-km-thick crust would
be ~1.93 GPa, and the pressure related to the weight of magma in the
intrusion system would be ~1.76 GPa, giving a pressure difference of
~170 MPa and a relatively large associated pressure gradient of
1041 Pa/m).

Still greater excess pressures can be generated by a mantle melt zone
with substantial vertical thickness (Wilson and Head, 2017a). The in-
fluence of both mantle thickness and melt-zone thickness on the
magma-driving pressure gradients of such intrusions is depicted for a
58-km-thick crust in Fig. 11, for mantle thicknesses of 0–100 km and
melt-zone thicknesses of 0–40 km. Pressure gradients of ~500 to
>1000 Pa/m are sufficient to easily drive mafic or ultramafic magmas to
the Martian surface (e.g., Wilson et al., 2009b; Brustel et al., 2017), and
such gradients are produced for a wide range of realistic mantle and
melt-zone thicknesses (Fig. 11). Intrusion systems with the above prop-
erties are realistic candidates for those interpreted to have driven for-
mation of Ravi Vallis and other Martian outflow systems. The specific
speed of ascent and overall effusion rate of an intrusion system depend
strongly on factors including cross-sectional size of intrusions, which in
the case of Aromatum Chaos remains unknown, but Martian intrusions
involving low magma viscosities are expected to have had a typical ca-
pacity for generating magma rise speeds of 10m/s or more for intrusion
widths of only 3m (Chevrel et al., 2014).

Mantle plumes can instigate development of enormous radial systems
of dikes that converge upon positions of maximum uplift (e.g., Ernst and
Buchan, 1997, 2003; Ernst et al., 2005). Large radial extensional struc-
tures are centered on the Tharsis and Elysium volcanic provinces (e.g.,
Hall et al., 1986; Wilson and Head, 2002), and the association of outflow
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systems with these structures (e.g., Mangala Valles, Athabasca Valles,
and Hrad Vallis), suggests possible development of these systems in as-
sociation with eruptions produced in plume-like environments (e.g.,
Leverington, 2007, 2011; Hopper and Leverington, 2014). Aromatum
Chaos lacks morphological properties suggestive of development in as-
sociation with a single narrow dike, but the close spatial association of
Ravi Vallis with the Valles Marineris fracture system, which itself consists
of the most prominent parts of a greater Tharsis-radial system of struc-
tures and intrusions, suggests that its development may also have
nevertheless been related to a Tharsis plume. The circum-Chryse outflow
channel systems are closely associated with Valles Marineris, suggesting
a close genetic relationship driven by igneous processes (e.g., Schonfeld,
1979; Leverington, 2011; Leone, 2014).

6.2. Flow volumes and conditions

Flows associated with the Martian outflow channels are of mafic or
ultramafic composition (e.g., Greeley et al., 1977; Gellert et al., 2004;
Mangold et al., 2010; Jaeger et al., 2010). Partly on the basis of elemental
abundances measured in situ for Martian volcanic rocks, at least some of
these flows are expected to have been emplaced with minimum viscos-
ities approaching ~0.5 Pa s or less (e.g., Chevrel et al., 2014), which for
voluminous flows would certainly have promoted the occurrence of
turbulent flow and channel incision (e.g., Schonfeld, 1977a, b; Hurwitz
et al., 2010; Jaeger et al., 2010; Leverington, 2014, 2018; Dundas and
Keszthelyi, 2014; Hopper and Leverington, 2014; Cataldo et al., 2015;
Baumgartner et al., 2015, 2017). Channel incision is expected to have
involved both thermal processes (involving themelting of substrates) and
mechanical processes (involving the weathering and erosion of substrates
by kinetic energy) (e.g., Keszthelyi and Self, 1998; Williams et al., 1998,
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2000; Hurwitz et al., 2010; Dundas and Keszthelyi, 2014; Cataldo et al.,
2015; Baumgartner et al., 2017). Though exotic by modern terrestrial
standards, silicate lavas with minimum viscosities spanning the range of
~0.01–10 Pa s are expected to have been involved in ancient periods of
channel incision on all large rocky bodies of the inner solar system
including the Earth (e.g., Hulme, 1973; Hulme and Fielder, 1977; Lesher
and Campbell, 1993; Baker et al., 1997; Barnes, 2006; Houl�e et al., 2008,
2012; Hurwitz et al., 2012; Byrne et al., 2013; Gole et al., 2013; Hurwitz
et al., 2013b; Baumgartner et al., 2015, 2017; Staude et al., 2016, 2017;
Lesher, 2017) (see Section 4 above).

Lunar igneous plumbing systems rooted at subcrustal depths are
estimated to have had the capacity to easily drive basalts to the surface at
rates at least as great as ~104–106m3/s (e.g., Wilson and Head, 2017a,b),
which would have been sufficient to drive maximum sustained flow rates
of >4000m3/s at lunar volcanic channels (e.g., Hulme, 1973; Hulme and
Fielder, 1977; Williams et al., 2000; Hurwitz et al., 2012). Still greater
effusion rates would have been required in order to support maximum
estimated channelized discharge rates of ~5� 107m3/s on Venus (e.g.,
Kargel et al., 1993; Baker et al., 1997) and ~106–108m3/s on Mercury
(e.g., Stockstill-Cahill et al., 2012; Byrne et al., 2013; Hurwitz et al.,
2013b). Flow crusts should have a capacity to insulate flows and reduce
cooling to as little as 1 �C per 30 km for flows with depths of 20–30m
(e.g., Keszthelyi et al., 2006), allowing high-volume lavas to flow for up
to thousands of kilometers (e.g., Leverington, 2018). On this basis, vol-
uminous insulated lavas may have cooled as little as ~7 �C along the full
215-km-length of the preserved Ravi Vallis system.

The total volume of material removed during development of Aro-
matum Chaos is ~4090 km3 (Leask et al., 2006a), and the total volume of
material removed in the development of the Ravi Vallis channel system is
~4190 km3 (Leask et al., 2006b), giving a total lost volume of
~8280 km3. On the basis of thermal considerations, recent work has
suggestedminimum required volumes of erupted lava of ~8–25 times the
volume of material removed within a given channel system (Leverington,
2007, 2018; see also Keszthelyi and Self, 1998; Keszthelyi et al., 2014b;
Cataldo et al., 2015). This suggests a minimum requirement of ~31,700
to 102,250 km3 of erupted lava for Aromatum Chaos and ~32,500 to
104,750 km3 of erupted lava for the Ravi Vallis channel system, for a total
minimum erupted volume of ~64,000 to 207,000 km3. The original
length of the Ravi Vallis channel system is unknown, and the volume of
erupted lava required for formation of this system would necessarily
increase with greater assumed lengths.

Unlike large Martian outflow systems such as Kasei Valles, which is
known to have formed over an extended period of geological time (e.g.,
Chapman et al., 2010a), the Ravi Vallis system is sufficiently modest in
size that it may have been formed by a small number of eruptive events
over a relatively short period of geological time. What conditions might
have characterized channelized flows, and approximately how long
might development of the channel system have taken? Key aspects of the
manner in which channelized lavas flow and incise into substrates are not
yet well understood, and available numerical tools must correspondingly
be used with caution (e.g., Dundas and Keszthelyi, 2014; Cataldo et al.,
2015). In this work, a set of equations (Hurwitz et al., 2010, 2012;
Leverington, 2014, 2018; Hopper and Leverington, 2014) was used in an
effort to better constrain the flow conditions and rates of incision that
might have been involved in development of the Ravi Vallis system.
These equations are functions of each other and must be solved itera-
tively until variables converge upon particular solutions.

Mechanical incision by a flow (Sklar and Dietrich, 1998; Hurwitz
et al., 2010, 2012) is given by:

�
dðdchanÞ

dt

�
mechanical

¼ K ρ g Qw sinα: (3)

where K quantifies the erodibility of a substrate in Pa�1, ρ is the density
of lava, g is gravitational acceleration, Qw is the discharge of lava per
meter of channel width (given in m2/s), and α is the channel slope in
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degrees. For slopes of <10�, the velocity of a flow (Keszthelyi and Self,
1998; Hurwitz et al., 2010, 2012) is given by:

ðvlavaÞ2 ¼ g dlava sinα
Cf

(4)

where g is gravitational acceleration, dlava is the depth of lava, α is the
channel slope, and Cf is the friction factor (Keszthelyi and Self, 1998),
which is given by:

Cf ¼
�
1
32

��
log10

�
6:15

��
2Reþ 800

41

�0:92 ����2

(5)

with the Reynolds number (Re) given by:

Re ¼ ρ v dlava
μ

(6)

where ρ is the density of lava, υ is the velocity of lava, dlava is the depth of
lava, α is the channel slope, and μ is the dynamic viscosity of lava.

Thermal incision by a flow (Hulme, 1973; Huppert and Sparks, 1985;
Williams et al., 1998, 2000; Hurwitz et al., 2012) is given by:

�
dðdchanÞ

dt

�
thermal

¼ hT
�
T � Tmg

�
Emg

: (7)

where hT is the coefficient of heat transfer, T is the temperature of lava,
Tmg is the temperature at which the substrate melts, and Emg is the energy
required to melt the substrate (Hulme, 1973; Huppert and Sparks, 1985;
Williams et al., 1998, 2000):

Emg ¼ ρg
�
cg
�
Tmg � Tg

�þ fmg Lg

	
(8)

where ρg is the density of the substrate, cg is the specific heat of the
substrate, Tmg is the temperature at which the substrate melts, Tg is the
initial temperature of the substrate, fmg is the fraction of the substrate that
must be melted prior to mobilization, Lg is the latent heat of fusion of the
substrate; and hT is the coefficient of heat transfer (Hulme, 1973; Hurwitz
et al., 2012), which is given by:

hT ¼ 0:017 k Re
4
5 Pr

2
5

dlava
(9)

where k is the thermal conductivity of lava [2.16 – (0.0013 T)] (Williams
et al., 1998), Re is the Reynolds number, Pr is the Prandtl number
[(cgμ)/k], and dlava is the depth of lava.

Equation parameters used to model flow conditions are given in
Table 1. The proportionality constant (K) was assigned a value of 10�9,
which corresponds to a strong bedrock substrate (e.g., Hurwitz et al.,
2012). Average lava flow depths of ~20m have been estimated for
Athabasca Valles (Jaeger et al., 2010), but local lava depths of up to
hundreds of meters are considered realistic for some channel systems
(e.g., Jaeger et al., 2010; Byrne et al., 2013; Dundas and Keszthelyi,
2014), and depths of ~50–150m were previously inferred for channel-
ized water flows at Ravi Vallis (Coleman, 2005; Leask et al., 2006b;
Wilson et al., 2009a). In the present study, lava depths of 25 and 50m
were used in flow calculations. Minimum lava viscosities of
~0.01–10 Pa s are expected to have been involved in channel incision in
the inner solar system (e.g., Murase and McBirney, 1970, 1973; Kargel
et al., 1993; Williams et al., 2000, 2011; Barnes, 2006; Houl�e et al., 2008,
2012; Hurwitz et al., 2012; Stockstill-Cahill et al., 2012; Baumgartner
et al., 2017), and a viscosity of 1 Pa s is favored here for channel reaches
closest to Martian volcanic sources (e.g., Hopper and Leverington, 2014;
Leverington, 2014, 2018); viscosities of 1 Pa s, 50 Pa s, and 500 Pa s were
used in flow calculations. Lava temperatures approaching or in excess of
1400 �C are very likely for at least some ancient mafic and ultramafic
lavas involved in channel development (e.g., Burns and Fisher, 1990;



Table 1
List of constants and variables.

Symbol Name Units Value

K Proportionality constant of substrate
erodibility

Pa�1 10�9

(bedrock)
ρ Density of lava kg/m3 2800
g Gravitational acceleration m/s2 3.7
Qw Discharge per meter width m2/s calculated
α Longitudinal slope degrees 0 to 1
v Velocity of lava m/s calculated
dlava Depth of lava m 25 and 50
Cf Friction factor none calculated
Re Reynolds number none calculated
μ Dynamic viscosity Pa s 1
hT Heat transfer coefficient (J m2)/(s

K)
calculated

T Temperature of lava
�
C 1350

Tmg Substrate melting temperature
�
C 1150

Emg Energy needed to melt substrate J/m3 calculated
ρg Density of solid substrate kg/m3 2900
cg Specific heat of substrate J/(kg

�
C) 1500

Tg Initial temperature of ground
�
C �23

fmg Fraction of substrate melting required for
mobilization

none 0.4 (40%)

Lg Latent heat of fusion of substrate J/kg 587,000
k Thermal conductivity of lava W/(m K) calculated
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Nisbet et al., 1993; Grove and Parman, 2004; Filiberto et al., 2008;
Williams et al., 2011; Baumgartner et al., 2015, 2017) and a lava tem-
perature of 1350 �C was used in flow calculations here. Kilometer-scale
slopes of under 1� are typical of the Ravi Vallis system for reaches that
did not become affected by the later development of features such as
patches of chaotic terrain (Fig. 4), and slopes of 0.0–1.0� were therefore
used in flow calculations.

Flow conditions estimated on the basis of Equations (3)–(9) are given
in Fig. 12. Results are given for slopes of up to 1�, but volcanic channels
should have a strong tendency to develop especially low slopes along
component channels as they mature (e.g., Leverington, 2014) and con-
ditions involving slopes of < ~0.4� are therefore expected to have been
particularly relevant to the overall development of Ravi Vallis and most
other Martian outflow channels (e.g., Leverington, 2018). Though flow
velocities are predicted to reach as great as 60m/s for 50-m-deep flows
on slopes of 1�, for more representative slopes of 0.2�, velocities for
25-m-deep and 50-m-deep flows are expected to respectively reach as
great as ~17 and 26m/s. For lavas with viscosities of 1 Pa s, flow con-
ditions are predicted to be fully turbulent for all slopes, with maximum
Reynolds numbers of ~8.5� 106 estimated for 50-m-deep flows on
slopes of 1�; in comparison, lavas with viscosities of 500 Pa s are pre-
dicted to have relatively laminar flow characteristics (Re< 3000) for
slopes of less than 1� (25-m-deep flows) and less than 0.15� (50-m-deep
flows). Mechanical and thermal incision rates are respectively predicted
for viscosities of 1 Pa s to be as great as ~47 and 3.8m/day for 50-m-deep
flows on slopes of up to 1�. For more representative slopes of 0.2�, me-
chanical incision rates for 25-m-deep and 50-m-deep flows with viscos-
ities of 1 Pa s are respectively predicted to be associated with incision
rates of ~1.3 and 4.0m/day, and thermal incision rates are respectively
predicted to be associated with incision rates of ~1.6 and 1.9m/day.
Consistent with earlier work (e.g., Hurwitz et al., 2012), mechanical
incision rates are generally expected to exceed thermal rates for all but
the lowest slopes, and thermal incision rates are especially low for rela-
tively high lava viscosities (e.g., for lavas with viscosities of 500 Pa s,
thermal incision rates of under 0.2 m/day are predicted on slopes of less
than 1�).

Discharge rates are given in Fig. 13 for flows with an assumed width
of 25 km, which is the approximate average width of the main Ravi Vallis
channel system. For lavas with viscosities of 1 Pa s and flowing on slopes
of 1�, discharge rates are predicted to be ~24.7� 106m3/s and
75.7� 106m3/s for flows with depths of 25m and 50m, respectively. On
more representative slopes of 0.2�, discharge rates are respectively
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predicted to be ~10.3� 106m3/s and 31.8� 106m3/s for flows with
these depths and viscosities. Flows with viscosities of 500 Pa s are pre-
dicted to have discharge rates that are roughly half those of flows with
viscosities of 1 Pa s.

The manner in which mechanical and thermal incision processes
interact is not well understood or easily quantified, complicating esti-
mation of overall incision rates. Net incision rates will also be reduced in
some cases by the capacity of lower-volume or higher-viscosity lava flows
to constructively emplace volcanic units rather than to incise into sub-
strates (e.g., Leverington, 2007), potentially resulting in the emplace-
ment of solid volcanic mantles that must later be weathered and eroded
by subsequently erupted lavas. Conservatively assuming a net combined
mechanical and thermal incision rate of only 1.5 m/day (Leverington,
2018) and an average total amount of incision across Ravi Vallis of 700m
(Wilson et al., 2004; Coleman, 2005; Coleman and Baker, 2009), a total
lava effusion volume of ~167,000 km3 is predicted for this system on the
basis of the discharge value of ~4,150,000m3/s predicted to be associ-
ated with flows with viscosities of 1 Pa s, widths of 25 km, depths of
25m, and slopes of 0.2�. Under these rudimentary assumptions, incision
of the preserved 215-km-long segment of the Ravi Vallis system is esti-
mated to have required a total of ~470 days, though channel develop-
ment could have taken place in a series of separate events of shorter
duration that were spaced over geological lengths of time. The total
estimated effusion volume of ~167,000 km3 falls within the minimum
range of ~64,000 to 207,000 km3 estimated separately on the basis of
thermal considerations.

7. Discussion

The volumes of lava estimated to have been required for formation of
Ravi Vallis are similar in magnitude to those typical of the smallest
terrestrial Large Igneous Provinces. For example, though estimated vol-
umes represent well under 1% of the preserved ~5� 107 km3 of the
Ontong Java Plateau (Coffin and Eldholm, 1993), they represent ~30%–

100% of the preserved 210,000 km3 volume of the Columbia River Basalt
Group (Camp et al., 2017). The extensive but relatively shallow Martian
outflow system Athabasca Valles is mantled by only ~7500 km3 of lava
(Jaeger et al., 2010), and the narrow Hrad Vallis system is estimated to
have been formed by effusion of as little as ~10,900 km3 of lava (Hopper
and Leverington, 2014). Greater total effused lava volumes of
~2� 105 km3 and 5� 106 km3 are respectively estimated for formation
of the Martian outflow systems Mangala Valles (Leverington, 2007) and
Kasei Valles (Leverington, 2018).

On slopes of 0.2�, lava flows with assumed viscosities of 1 Pa s, tem-
peratures of 1350 �C, and depths of 50m, are estimated to have been
associated at Ravi Vallis with maximum lava discharge rates of
~3� 107m3/s, which are similar in magnitude to the maximum aqueous
flow rates previously calculated for this system (Coleman, 2005; Leask
et al., 2006b; Wilson et al., 2009a). Such flow rates are greater than the
peak rates of up to ~8.7� 103m3/s estimated for the 1783–1784 Laki
fissure eruption of Iceland (Thordarson and Self, 1993) and the rates of
up to ~106m3/s estimated for some units of the Columbia River Basalt
Group (Reidel, 1998), but are similar to those previously estimated for
other large volcanic channel systems of the inner solar system. For
example, rates possibly greater than 106m3/s are estimated for Archean
channel-forming flows of the Perseverance ultramafic complex (Western
Australia) (Williams et al., 2001) and Proterozoic channel-forming flows
of the Cape Smith Belt (Quebec) (Williams et al., 2011), rates of up to
~5� 107m3/s are estimated for formation of Venusian channel Kallistos
Vallis (Baker et al., 1997), rates of up to ~1.7� 108m3/s are estimated
for formation of Martian outflow system Athabasca Valles (Jaeger et al.,
2010), and rates of up to ~1.7� 108m3/s are estimated for formation of
the Mercurian channel systems (Byrne et al., 2013). Lava incision rates of
up to tens of meters per day for slopes of up to 1� are consistent with
previous estimates made for ancient volcanic channels on Earth (e.g.,
Williams et al., 2001, 2011; Leverington, 2014), the Moon (e.g., Hurwitz



Fig. 12. Predicted flow conditions for 50-m-deep flows (dashed lines) and 25-m-deep flows (solid lines), assuming a strong bedrock substrate and lava viscosities of
1 Pa s (green), 50 Pa s (blue), and 500 Pa s (red); for lava temperatures of 1350 �C. A: flow velocity; B: flow turbulence (semi-log plot); C: mechanical incision rate; D:
thermal incision rate. There is a strong tendency of volcanic channels to have kilometer-scale slopes of well under 1� (e.g., Leverington, 2014), and conditions
involving slopes of < ~0.4� are expected to have been especially relevant to the overall development of Ravi Vallis and most other Martian outflow systems. For some
channel systems, much steeper slopes can be associated with local features such as cataracts, and the capacity for weathering and erosion will be greatly enhanced in
such environments (e.g., Dundas and Keszthelyi, 2014; Dundas et al., 2019). (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 13. Estimated discharge rates for 50-m-deep flows (dashed lines) and 25-
m-deep flows (solid lines) for lavas with viscosities of 1 Pa s (green), 50 Pa s
(blue), and 500 Pa s (red). Flow widths of 25 km are assumed. (For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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et al., 2012), Mercury (e.g., Hurwitz et al., 2013b), and Mars (e.g.,
Hopper and Leverington, 2014; Baumgartner et al., 2017; Leverington,
2018). Lava flows are conservatively estimated to have had a capacity to
form Ravi Vallis in ~470 days (possibly involving individual events
separated by geological spans of time), which is greater than the ~17
65
days estimated to have been most efficiently involved in development of
Athabasca Valles (Jaeger et al., 2010) and less than the ~1000 days
estimated for development of Kasei Valles (again, with individual erup-
tive events separated by much larger periods of geological time) (Lev-
erington, 2018).

Though Ravi Vallis is a relatively small outflow channel, its mecha-
nisms of formation are relevant to our understanding of the fundamental
attributes and geological history of Mars. Specifically, a volcanic origin
for Ravi Vallis is consistent with the wider interpretation of all Martian
outflow channels as products of voluminous effusions of low-viscosity
lavas (Schonfeld, 1977a, b, 1979; Leverington, 2004, 2007, 2009,
2011, 2014, 2018; Hopper and Leverington, 2014; Leone, 2014, 2017,
2018; Baumgartner et al., 2015, 2017). Past development of all Martian
outflow channels by dry volcanic processes, rather than by aqueous
floods or by hybrid processes involving both volcanic and aqueous flows,
is consistent with the general absence at these systems of expected
sedimentary deposits, extensive aqueous alteration, and thick evaporite
deposits. Volcanic origins for the Martian outflow channels are also
aligned with the analogous past development of hundreds of volcanic
outflow systems on rocky bodies of the inner solar system (e.g., Lever-
ington, 2004, 2011), and with the premise that early development of
immense volcanic channel systems is typical of all large rocky bodies in
and beyond our solar system (Leverington, 2014).

The foundering of past aqueous interpretations of the outflow chan-
nels suggests that assumptions of aqueous origins should also be recon-
sidered for other Martian channel types. For example, upland channel
systems and valley networks on Mars, like their outflow counterparts,
lack special geographic correlations with the presence of hydrous min-
erals (e.g., Bibring et al., 2006; Ehlmann, 2014), and overall, the Martian
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surface has undergone remarkably little alteration by water (e.g.,
Christensen et al., 2008). Though heavily-cratered Noachian terrains are
widely associated with clays, available data suggest the early formation
of these minerals in the subsurface under conditions involving low ratios
of water to rock, rather than by surface weathering involving precipita-
tion and runoff (Ehlmann et al., 2011). Furthermore, recent climate
models based on realistic assumptions fail to predict the warm and wet
conditions considered essential for formation of Martian channels and
valley networks by precipitation and surface runoff (Wordsworth, 2016).
Where exposure is good, channel features such as those routinely inter-
preted as lacustrine deltas are in many cases lacking in expected spectral
signatures of aqueous alteration, associated closed basins are missing
expected evidence for evaporite deposition, and convincing evidence for
the existence of lacustrine shorelines or terraces is absent (Goudge et al.,
2015). Notably, as with the outflow channels, numerous upland channel
systems and valley networks on Mars, including many previously hy-
pothesized to have formed in association with crater lakes, show evi-
dence for development as products of extensive volcanic resurfacing
involving low-viscosity lavas (e.g., Leverington and Maxwell, 2004;
Leverington, 2005, 2006). To what extent were Martian channels of all
kinds formed by mainly or entirely dry processes? Even the formation of
small Martian gullies appears on the basis of recent work to be a dry
process (e.g., Dundas et al., 2017). Dry interpretations of most or all
Martian channel systems, if valid, would reduce or eliminate the need to
hypothesize enormous subsurface reservoirs of water and the past
occurrence of transient periods of planet-wide warm and wet conditions,
and would instead be consistent with the predominance of cold and dry
surface conditions over the history of Mars.

8. Conclusions

Ravi Vallis is a Martian outflow channel that formed in the Hesperian
as a result of fluid outflows from adjacent Aromatum Chaos. Though this
system is widely interpreted as a product of catastrophic outbursts from
aquifers, hypothesized aqueous processes lack meaningful solar system
analogs, and the system lacks obvious sedimentary and mineralogical
signatures expected of aqueous origins. Instead, the basic attributes of
Ravi Vallis are aligned with those typical of volcanic channels of the
inner solar system, and are consistent with volcanic origins involving
voluminous effusions of low-viscosity lavas at Aromatum Chaos.

Igneous plumbing systems rooted in the upper Martian mantle are
expected to have had a broad capacity to generate pressure gradients
necessary for the eruption of large lava volumes at the heads of outflow
systems including Ravi Vallis, and eruptions from large magma chambers
stranded at depths of ~90 km or more would in particular have had a
capacity to generate pressure gradients well in excess of 500 Pa/m. Lava
flows with viscosities of 1 Pa s, temperatures of 1350 �C, and depths of
50m, are predicted to have had the flow characteristics necessary to
drive incision into strong bedrock substrates at rates of at least several
meters per day on slopes of well under 1�, and maximum associated
discharge rates are likely to have been ~3� 107m3/s for flows with
widths of ~25 km on slopes of 0.2�. Combined development of Aroma-
tum Chaos and the preserved extent of Ravi Vallis is estimated to have
required eruption of a minimum of ~64,000 km3 of lava. The original
length of the preserved 215-km-long channel system is not known, and
greater lava volumes would have been required for formation of its full
past extent.

A volcanic origin for Ravi Vallis is consistent with development of all
Martian outflow channels by volcanic processes involving effusion of
low-viscosity lavas, and with the broader premise that development of
immense volcanic channel systems is typical of the early histories of all
large rocky bodies. A dry origin for the outflow channels of Mars would
imply that near-surface water reservoirs on this planet are much less
voluminous than previously hypothesized, and would be consistent with
the predominance of cold and dry surface conditions over the history of
Mars.
66
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