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Abstract Hrad Vallis is an Amazonian-age outﬂow channel located in the northwestern part of the
Elysium Volcanic Province of Mars. The formation of Hrad Vallis may have been associated with
catastrophic aqueous ﬂoods and volcanism, which makes determining its emplacement history important
for constraining the planet’s hydrological and thermal evolution during the Amazonian Period. Through
geological mapping, geomorphologic analysis, and numerical simulations we assess whether Hrad Vallis
formed in association with mudﬂows (i.e., lahars), effusive volcanism, or a combination of both processes.
Among the three youngest ﬂows in the region, the lower and upper ﬂow units are inferred to be the
products of catastrophic aqueous ﬂoods, whereas the middle unit is interpreted to be pāhoehoe-like lava
ﬂow formed through the process of inﬂation over the course of decades. The latter ﬂow unit is similar to
terrestrial lava-rise plateaus, but its emplacement may have involved interactions with surﬁcial ice deposits,
which affected the ﬂow path and resulted in a range of lava-water interactions. We conclude that Hrad
Vallis had a complex history involving episodes of both aqueous ﬂooding and effusive volcanism and that
the interactions between lava and ice in these regions may have generated ephemeral hydrothermal
systems with potential astrobiological signiﬁcance.
Plain Language Summary

Major outﬂow channels on Mars may have been carved by either
catastrophic aqueous ﬂoods or turbulent lava ﬂows. Addressing the ambiguous origin of these channels is
therefore important for constraining the hydrological and volcanic history of the planet. This study focuses on
Hrad Vallis, which is a geologically recent (Amazonian-age) outﬂow channel located within the Elysium
Volcanic Province, through a combination of mapping and modeling. We ﬁnd evidence for both aqueous
ﬂooding and effusive volcanism associated with this channel, indicating a complex hydrologic and geologic
history. However, lava ﬂows in this region are interpreted to be the products of pāhoehoe-like lava ﬂow
emplacement, similar to terrestrial lava ﬂows on Earth in New Mexico and Hawaii, and not highly turbulent
ﬂows as previously suggested. The identiﬁcation of ~50 m thick pāhoehoe-like lava ﬂows near Hrad Vallis
implies a gradual formation process over the course of decades, and heat from these lava ﬂows may have
interacted with ground ice to produce meltwater and steam. Lava-water interactions on Mars are important
because they could generate habitable environments for microbial organisms that have adapted for survival
within hydrothermal systems.

1. Introduction
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Martian outﬂow channels were primarily formed during the Noachian and Hesperian by catastrophic aqueous ﬂooding events (Baker et al., 2015; Baker & Milton, 1974; Burr et al., 2009; Carr, 1979, 2012). These events
became less frequent during the Amazonian Period (Adeli et al., 2016; Allen, 1979; Chapman et al., 2000;
Rodriguez et al., 2015; Salese et al., 2016), but there is evidence for the widespread occurrence of aqueous
ﬂooding events in the Late Amazonian Epoch, particularly within the Elysium Volcanic Province, which
suggests that dike-induced faulting may facilitate the release of water from a deep-aquifer system (e.g.,
Allen, 1979; Berman & Hartmann, 2002; Burr et al., 2002, 2009; Carr, 1979; Chapman et al., 2000;
Christiansen, 1989; Fuller & Head, 2002; Jaeger et al., 2007, 2010; Manga, 2004; Morgan et al., 2013;
Mouginis-Mark et al., 1984; Plescia, 1990, 2003; Rodriguez et al., 2012; Russell & Head, 2003; Wilson &
Mouginis-Mark, 2003). The potential involvement of both aqueous ﬂooding and volcanism complicates
geologic interpretations of outﬂow channel formation and the relative role of water and lava in this process.
Therefore, determining the magnitude and timing of these events is critical for understanding the
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hydrological and thermal history of Mars and for identifying locations of geologically recent magma-water
interactions that may have generated habitable environments for microbial life (Cousins & Crawford, 2011).
Outﬂow channels in the Elysium Volcanic Province are closely associated with fossae (i.e., long, narrow
depressions or troughs) that radiate outward and concentrate in four major regions, which nearly encircle
the Elysium Rise (Mouginis-Mark et al., 1984). These include the Cerberus Fossae (SE trending), Hephaestus
Fossae (SW trending), Elysium Fossae (west trending), and Galaxias Fossae (NW trending). This study focuses
on Hrad Vallis (Figure 1), which is an Amazonian-aged outﬂow channel associated with the Galaxias Fossae
system; however, in this study we refer to the source of Hrad Vallis as “Hrad Fossae” to distinguish it from
the rest of the system.
Hrad Vallis is a ~370-m-deep, 800-km-long sinuous valley initiating from the western end of Hrad Fossae
(34°N, 142°E; De Hon et al., 1999) and has been variously attributed to erosion by aqueous ﬂooding (i.e.,
mega-lahars; Christiansen, 1989; De Hon, 1992; De Hon et al., 1999; Mouginis-Mark, 1985; Pedersen &
Head, 2010; Russell & Head, 2003; Skinner et al., 2007; Wilson & Mouginis-Mark, 2003) and erosion by lava
ﬂows (Hopper & Leverington, 2014; Leverington, 2011). These contrasting interpretations carry fundamentally different implications for the geologic history of Hrad Vallis and similar outﬂow channels throughout
the Elysium Volcanic Province (e.g., Athabasca Valles; Jaeger et al., 2007, 2010), as well as other regions of
Mars, such as Mangala Valles (Hanna & Philips, 2006; Keske et al., 2015; Leverington, 2007; Zimbelman
et al., 1992) and Kasei Valles (Baker & Kochel, 1979; Dundas & Keszthelyi, 2014; Leverington, 2011;
Robinson & Tanaka, 1990; Williams & Malin, 2004).
To better constrain the origin of ﬂow units associated with Hrad Vallis, we employ a two-part approach that
includes a combination of (1) geologic mapping and geomorphology and (2) numerical modeling. First, we
develop a geologic map of Hrad Fossae and its surroundings to identify major geologic units and determine
their stratigraphic relationships to one another. We then perform a detailed geomorphological examination
of units that may be associated with either aqueous ﬂooding or effusive volcanism. Second, we apply ice sublimation models to test the hypothesis that the lobate unit (Apf) is an ice-rich ﬂow unit and to better constrain
the age of the stratigraphically older smooth plains units (Aps), and we conduct thermophysical modeling of
Apf to further test the hypothesis that it is frozen mega-lahar deposit using constraints from viscous ﬂow
simulations and its observed morphology. The combination of these methods enables a multifaceted reevaluation of the origin of ﬂow units near Hrad Fossae and development of a new emplacement chronology for
the region to better constrain the roles of catastrophic aqueous ﬂooding and effusive volcanism in the formation and modiﬁcation of a major Amazonian-age outﬂow channel on Mars.

2. Geological Mapping and Geomorphological Analysis
2.1. Methods
2.1.1. Geological Mapping
Using ArcGIS and a regional mosaic of Mars Reconnaissance Orbiter Context Camera (CTX) images (6 m/pixel;
Malin et al., 2007) and High Resolution Imaging Science Experiment (HiRISE) images (0.3 m/pixel; McEwen
et al., 2007), we systematically mapped geologic units in the Hrad Vallis region. The map (Figure 1) covers
an area of 22,651 km2 and was digitized at a scale of 1:40,000. An electronic version of the map is also
provided as supporting information (ArcGIS Map).
Throughout the study area, small diameter (D < 500 m) impact craters are scarce, implying resurfacing
throughout the Amazonian Period. However, the landscape exhibits evidence of signiﬁcant erosion (De
Hon, 1992; De Hon et al., 1999) and, as a midlatitude region (~33–36°N) located on the ﬂanks of the
Elysium Rise, it is expected to have been mantled in ice during periods of higher obliquity (Madeleine
et al., 2009; Mouginis-Mark & Wilson, 2016). Consequently, crater size-frequency distributions in this region
do not provide robust constraints on unit age and we rely on relative stratigraphy, embayments, and crosscutting relationships to construct an emplacement chronology.
Table 1 compares our observations to previous studies, and unless otherwise noted, our unit boundaries and
interpretations generally agree with previous studies (e.g., De Hon et al., 1999; Morris & Mouginis-Mark, 2006;
Mouginis-Mark & Wilson, 2016; Pedersen, 2013; Wilson & Mouginis-Mark, 2003). Where possible, our abbreviated unit names follow the conventions used by De Hon et al. (1999). From oldest to youngest, the
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Figure 1. Geologic map of the Hrad Vallis region, Mars. Hrad Fossae, the source region for Hrad Vallis, forms a NW-SE trending structure in the southern portion of the
map that is surrounded by the ridge and trough material (Aelt). Galaxias Mons is shown in red (Aelr). The geological map is overlain above hillshade model derived
from Mars Global Surveyor Mars Orbiter Laser Altimeter topography (128 pixels per degree). Subsequent ﬁgure locations are identiﬁed with inset boxes, with the
adjacent numeral corresponding to the ﬁgure number. The inset shows the location of the study area northwest of Elysium Mons, with warmer colors indicating
higher elevations and cooler colors lower elevations. Geologic units are ordered from oldest (at the top of the column to the right) to youngest (at the bottom of the
column). “DT” stands for degraded terrain, “TD” stands for thermally anomalous depression, “CR” stands for crater rim, and “BCR” stands for buried crater rim. Units
grouped by a square bracket are inferred to have formed during the same geologic episode.
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Table 1
Summary of Unit Characteristics Within the Hrad Vallis Region
Unit

Figure

Aelc

3a, 3d, 6a, 6b, 4j

Ael

3b, 3c

Aps

3a, 3d, 3e, 3f, 3g,
3i, 4j, 5, 6a,
6b, 7, 8, 16f

Aelr

3h

Alr

3h, 3i, 4j,

Acr

4j

Apf

3a, 3d, 3e, 4j, 4k,
4l, 4m, 4r, 6a,
6b, 7, 9, 10, 16f

Achc

4l, 4m

Aelt

4n, 4o

Achp

4l, 4m, 4p, 4q

Ach

4n, 4o, 4p, 4q

HAMILTON ET AL.

Description
Rugged material consists of high-standing knolls
and younger smooth-surfaced terraces and
ﬂows that ﬂank and conﬁne Aps.
Plains-forming material includes numerous ﬂows
with degraded lobate scarps, channels, and
rough surfaces.
Smooth plains material is a low-relief plainsforming unit, including dune-like bedforms,
with ridge crests and troughs oriented parallel
to Hrad Fossae. The unit is cut by high-standing
linear ridges (Alr) and includes numerous
mounds, which are <1 km in diameter and
exhibit fractured and blocky surfaces.
Galaxias Mons is composed of ridge material that
forms an elongate, rugged, topographic
landform with scalloped ﬂanks and a thin
sedimentary mantle. Its ridge crest runs parallel
to the NW-SE trend of linear ridges in Aps.
Linear ridges occur throughout the study area but
are best exposed in Aps, where ridges occur as
linear to en echelon positive relief landforms
with a NW-SE orientation. The ridges are up to
36.5-m-high and appear to have blocked the
ﬂow path of Apf.
Crenulated material is aligned in the same
direction as Alr and consists of numerous
parallel ridges and fractures that crosscut Aelc.
Lobate material forms an interconnected highstanding region abutting Aelc and surrounding
Aps. The unit has a lobate morphology and
includes linear fractures running parallel to its
margins. Where this unit comes into contact
with Alr, the ﬂow path of Apf has been
obstructed. Apf rises ~50 m above the
surrounding plain (i.e., Aps) and has a plateaulike geometry. However, its ﬂat surface is
interrupted by numerous rimless topographic
depressions, which are typically <1 km in
diameter. There are also wider pits, reaching up
to ~2,300 m in diameter, which exhibit
concentric fractures and thermal anomalies.
Apf also includes cratered cone groups near
these pits.
Chaotic material occurs in a narrow region
adjacent to parts of Apf. It forms irregularly
shaped topographically low regions that are
inﬁlled with blocks and highly chaotic material.
Concentric ridge and trough material occurs
adjacent to the Hrad Vallis source region and on
terraces within Hrad Vallis. It exhibits concentric
ridges and troughs running perpendicular to its
margins, and parts of unit appear to have
ﬂowed downslope.
Flood plain material includes smooth plains and
terraces adjacent to the main Hrad Vallis
channel.
Channel material includes channels, streamlined
islands, and bedforms associated with Hrad
Vallis.

Equivalence
a

Interpretation

Aelc

Eroded material that existed prior to the
formation of Hrad Vallis

Combines the Ael2a and
a
Ael2b units

Lava ﬂows extending radially from Elysium
Mons

This unit roughly
a
corresponds to Aps , “
b, c
lower mudﬂow” unit ,
d
and “knobby” unit .

Eroded mudﬂow deposit sourced from Hrad
Fossae. At the time of emplacement, this
unit likely included a large fraction of water,
which froze and was gradually removed to
produce a sedimentary lag deposit.

a

Aelr , product of an
igneous intrusion into
e,f
thick ice

The remnant of a hyaloclastite ridge formed by
explosive magma-water interactions in an
englacial setting, similar to a terrestrial
g
tindar .

This unit corresponds to
“narrow rugged ridge”
and “narrow graben or
a
ﬁssure” features .

Dikes intruded into easily erodible material
(e.g., ice or unconsolidated sediment), which
was eroded to form Aps.

This unit was not mapped
previously.

Areas of collapse associated with dike
intrusions

This unit roughly
a
corresponds to Apf ; the
c
“upper mudﬂow” unit ,
d
and “smooth ﬂow” unit .

concluded that this unit is
Previous studies
the remnant of lahar deposit. However, we
consider the possibility that Apf is a
pāhoehoe-like lava ﬂow that interacted with
formerly high-standing topography to
produce lava rise pits.

This unit is inconsistent
with previous mapping
a
results for Achc .

Thermokarst terrain generated by heat transfer
from Apf to surrounding ice-bearing
materials

This unit roughly
a
corresponds to Aelt .

Vent-proximal debris formed during formation
of Hrad Vallis. Ridges and trough may have
formed by gravity-driven ﬂow of the material
after its initial emplacement.

a

Achp
a

Ach

a–d,h

Scoured lava ﬂows, likely belonging to Ael, were
eroded by the passage of an aqueous ﬂood
associated with the formation of Hrad Vallis.
Erosional channel carved by water and partially
inﬁlled with colluvium derived from valley
walls. Aelt, Achp, and Ach are all associated
with Hrad Vallis’ most recent episode of
activity.
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Table 1 (continued)
Unit
Ch

Figure

Description

4r

a

Equivalence

Fresh crater material includes circular topographic
depressions that are either embayed by younger
ﬂows or superimposed on older units.
b

c

a

Ch

De Hon et al. (1999). Wilson and Mouginis-Mark (2003). Morris and Mouginis-Mark (2006).
g
h
and Wilson (2016). Edwards et al. (2009). Tanaka et al. (2005).

Interpretation
Geologically recent impact craters with a
range of ages

d

Pedersen (2013).

e

Mouginis-Mark (1985).

f

Mouginis-Mark

geologic units in the study area include (Figure 1 and Table 1): rugged (Aelc), plains forming (Ael), smooth
plains (Aps), ridge (Aelr), linear ridge (Alr), crenulated (Acr), lobate (Apf), chaotic (Achc), concentric ridge and
trough (Aelt), ﬂood plain (Achp), and channel (Ach) material. The mapping region also includes fresh crater
material (Ac), which exhibits a range of ages. Figures 3 and 4 show archetypical examples of each of these
units, with the respective location of each panel overlain above a Mars Odyssey Thermal Emission Imaging
System Daytime Infrared mosaic (Figure 2) that corresponds to the mapping region shown in Figure 1.
2.1.2. Geomorphological Characterization of Lobate Units
Lobate materials near Hrad Vallis (i.e., the Apf unit) have typically been interpreted as the products of megalahars that froze to form ice-rich ﬂow deposits (De Hon et al., 1999; Morris & Mouginis-Mark, 2006; Pedersen,
2013; Pedersen et al., 2010; Wilson & Mouginis-Mark, 2003). However, in this study, we also consider the alternative hypothesis that the Apf unit is a pāhoehoe-like lava ﬂow that inﬂated to form a lava rise plateau with
well-developed lobate margins and interior “lava rise pits” (Walker, 1991). To evaluate these hypotheses, we
characterize the geomorphology of Apf and the adjacent terrain using HiRISE data, as well as digital terrain
models (DTMs) made from three HiRISE stereo pairs (Table 2) and one CTX stereo pair
(B22_018168_2159_XN_35N218W/G02_019012_2158_XN_35N218W). HiRISE-derived DTMs were made
using BAE Systems Socet Set software (Kirk et al., 2008) and the CTX-derived DTM was made using the
NASA Ames Stereo Pipeline (Beyer et al., 2017; Shean et al., 2016). The resulting HiRISE- and CTX-derived
DTMs have horizontal resolutions of 1.0 m/pixel and 12.5 m/pixel, respectively. The vertical resolution of
the DTMs derived from HiRISE images are tens of centimeters, whereas CTX-derived DTMs have a vertical
resolution on the order of meters.
Our geomorphological characterizations also draw comparisons between the Apf unit and lava ﬂows on
Earth. In particular, we consider two terrestrial ﬂows: (1) the McCartys lava ﬂow in New Mexico (Garry et al.,
2012; Nichols, 1946; Zimbelman & Johnson, 2002); and (2) the 1935 Mauna Loa lava ﬂow in Hawaii (Jaggar,
1936a, 1936b). Both of these terrestrial lava ﬂows provide excellent examples of inﬂation and serve as analogs
for the expected morphology of inﬂated pāhoehoe-like ﬂows and lava rise plateaus on Mars.
2.2. Geological Mapping Results for the Hrad Vallis Region
Figure 1 presents our geologic mapping results, with supporting unit descriptions provided in Table 1.
Geologic units are listed in chronological order (i.e., from oldest at the top of the table to youngest at the
bottom), with an emplacement sequence based on observed superposition relationships. Although mapped
at a ﬁner scale than previous studies (i.e., 1:40,000 in this study versus 1:502,000 for De Hon et al., 1999), our
results largely support previous mapping results and interpretations for rugged (Aelc), plains-forming (Ael),
ridge (Aelr), concentric ridge and trough (Aelt), ﬂood plain (Achp), channel (Ach), and fresh crater (Ac) material. However, our results differ for the smooth plains (Aps), linear ridge (Alr), crenulated (Acr), lobate (Apf),
and chaotic (Achc) materials. Therefore, this study focuses on describing the characteristics of the ﬁve units
for which there is a discrepancy with previous studies. Examples of each unit are shown to the same scale in
Figures 3 and 4, with the locations of the examples shown in Figure 2.
Smooth plains material (Aps) is widespread but primarily outcrops in low-lying areas (Figure 1). It is a lowrelief plains-forming unit that includes partially inﬁlled craters and numerous raised knobs and domes
(Figures 3a, 3d–3i, and 4j). The latter (e.g., Figure 3g) are typically <1 km in diameter and exhibit fractured
and blocky surfaces. The unit also includes antiformal structures (Figure 5) resembling transverse dunes, with
curvilinear ridge crests and troughs oriented parallel to Hrad Fossae, which are perpendicular to the long axis
of this unit. In the vicinity of Galaxias Mons (i.e., the ridge unit, Aelr), Aps does not appear to have developed
any unusual deposits, ﬂow lines, or erosional structures that would suggest interaction with the ediﬁce. The
unit is also crosscut by high-standing linear ridges (Alr), as shown in Figures 3h, 3i, and 4j, which implies that
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Figure 2. Mars Odyssey Thermal Emission Imaging System daytime infrared mosaic of the study area with insets showing the location of the panels shown in
Figures 3 and 4. Inset locations are shown in Figures 3a–3i and 4j–4r.
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Table 2
HiRISE Observations Used to Generate Digital Terrain Models (DTMs) Used in This Study
Stereo pair

Center
latitude

Center
longitude

Left image

Right image

DTM identiﬁcation number

Figure reference

35.59°N
35.13°N
34.81°N

141.85°E
141.73°E
141.85°E

ESP_018168_2160
ESP_016467_2155
PSP_005813_2150

ESP_019012_2160
ESP_016533_2155
PSP_005879_2150

DTEEC_018168_2160_019012_2160_A01
DTEEC_016467_2155_016533_2155_A01
DTEEC_005813_2150_005879_2150_A01

Figures 6 and 7
Figure 9
Figure 10

Note. Each stereo pair image has a projected resolution of 25 cm/pixel, and the resulting DTMs have a resolution of 1 m/pixel. HiRISE = High Resolution Imaging
Science Experiment.

both Alr and Aelr are younger than Aps. Aps is also overlain by lobate material (Apf), as shown in Figures 3a,
3d–3f, and 4j.
Linear ridges (Alr) occur throughout the eastern half of the study area but are best exposed within Aps
(Figures 3h, 3i, and 4j), where they form linear to en echelon positive relief landforms with a NW-SE
orientation (Figure 1). The ridges (Figures 3h–3j, 6a, 6b, 7, and 8) have heights of up to 36.4 m with debris
aprons on each side (Figure 8) and appear to have impeded the ﬂow path of Apf (Figures 6a, 6b, and 7).
Crenulated material (Acr) is aligned in the same direction as Alr and consists of numerous parallel ridges and
fractures that crosscut Aelc (Figure 4j). Acr typically occurs where Alr crosscuts into Aelc.
Lobate material (Apf) forms an interconnected high-standing region abutting Aelc and overlying Aps
(Figures 1, 3a, 3d–3f, 4j). The unit has a lobate morphology (Figures 6a, 6b, 7, and 9) and includes linear fractures running parallel to its margins (Figure 9). Where this unit comes into contact with Alr, the ﬂow path of

Figure 3. Type locations for geologic units in the Hrad Vallis region, which include (in chronological order) rugged (Aelc),
plains forming (Ael), smooth plains (aps), ridge (Aelr), linear ridge (Alr), crenulated (Acr), lobate (Apf), chaotic (Achc),
concentric ridge and trough (Aelt), ﬂood plain (Achp), channel (Ach), and fresh crater material (Ac). Inset images are all
portrayed at same scale, shown in panel (g), using a Mars Reconnaissance Orbiter Context Camera mosaic with a semitransparent color overlay corresponding to the colors shown. Subpanels (a)–(i) refer to inset locations shown in Figure 2
and each unit is described in Table 1.
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Figure 4. Type locations for geologic units in the Hrad Vallis region (continued from Figure 3). From oldest to youngest,
these units include rugged (Aelc), plains-forming (Ael), smooth plains (aps), ridge (Aelr), linear ridge (Alr), crenulated
(Acr), lobate (Apf), chaotic (Achc), concentric ridge and trough (Aelt), ﬂood plain (Achp), channel (Ach), and fresh crater
material (Ac). Inset images are all portrayed at same scale, shown in panel (p), using a Mars Reconnaissance Orbiter Context
Camera mosaic with a semitransparent color overlay corresponding to the colors shown in Figure 1. Subpanels (j)–(r) refer
to inset locations shown in Figure 2 and each unit is described in Table 1.

Apf has been obstructed (Figures 6a and 6b). Apf rises ~50 m above the surrounding plain (i.e., Aps) and has a
plateau-like geometry (Figure 6c). However, its ﬂat surface is interrupted by numerous rimless topographic
depressions (Figures 6a and 6b), which are typically <1 km in diameter. There are also wider pits (e.g.,
Figure 10), distributed through the unit (Figure 1), which reach up to ~2,300 m in diameter and exhibit concentric fractures and thermal anomalies (Morris & Mouginis-Mark, 2006). Apf also includes cratered cone
groups near these pits (e.g., Figures 4k, 10a, and 10b) composed of numerous cratered cones, each approximately 50–100 m in diameter.
Chaotic material (Achc) forms irregularly shaped topographically low regions inﬁlled with blocks and highly
chaotic material. Achc generally occurs in a narrow region adjacent to parts of Apf (Figures 4l and 4m),
where Apf comes in contact with the exterior margins of the concentric ridge and trough (Aelt) and ﬂood
plain (Achp) associated with Hrad Fossae.
2.3. Geological Interpretation of Mapped Units
Smooth plains material (Aps) is interpreted to be the remains of a former mega-lahar deposit that was erupted
from Hrad Fossae and ﬂowed both north and south of Hrad Fossae, generating dune-like bedforms (Figure 5)
near the fossae and inundating the broad low-lying valleys formed by the high-standing rugged material (Aelc).
At the time of emplacement, this unit may have included a large fraction of water, which froze and was then
gradually sublimated to produce a sedimentary lag deposit. This unit corresponds to the Aps unit described
by De Hon et al. (1999), the “lower mudﬂow” described by Wilson and Mouginis-Mark (2003) and Morris &
Mouginis-Mark, 2006), and the “knobby” unit described by Pedersen (2013). Our observations similarly support
the interpretation that Aps is the product of a sediment-laden aqueous ﬂood that has since been eroded to
form a low-relief plains unit with high-standing knobs and domed mounds. Most positive-relief structures
are interpreted to be concentrations of lag deposits; however, domed mounds in the northeastern part of
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the unit (Figure 3g) have an unusual morphology and may be pingos
(i.e., ice-cored mounds; Dundas & McEwen, 2010; Holmes et al., 1968;
Mackay, 1988) in varying states of degradation. This interpretation is
consistent with that of Mouginis-Mark and Wilson (2016); however,
these structures may have formed long after the initial emplacement
of Aps and be unrelated to the process of aqueous ﬂooding.
Additionally, while the absolute age of Aps is unknown, it appears to
be a relatively old unit, predating the emplacement of Galaxias Mons
(Aelr), as well as the linear ridge (Alr), crenulated (Acr), lobate (Apf),
concentric ridge (Aelt), ﬂood plain (Achp), and channel (Ach) materials.

Figure 5. Detailed view of Context Camera image P03_002134_2157_XN_
35N217W showing curvilinear ridges and troughs within the smooth plains
(Aps) material. The illumination direction is from the left. See Figure 1 for the
image location.

Linear ridge material (Alr) is interpreted to be the remains of a series
of NNW-SSE trending dikes that intruded into an easily erodible material (e.g., ice or unconsolidated sediment) that has since been
removed, leaving behind a series of high-standing ridges. MouginisMark and Wilson (2016) suggest that one of these ~50–100-m-wide
and 35-m-high dikes may have formed a subglacial mound east of
our study area and that a second dike may have failed to completely
break to the surface, forming Galaxias Mons as a laccolith-like intrusion beneath the ice or a subglacial volcanic construct (i.e., “tindar”
in Icelandic). If so, Galaxias Mons may have been intruded under at
least 200 m of ice. However, it is unlikely that a mega-lahar associated
with Aps generated such a thick regional ice layer and so it is more
likely that this region experienced additional ice deposition during
periods of high obliquity after the initial emplacement of Aps. If so,
Aps may have already completely sublimated before a new layer of
ice was regionally deposited. Dikes associated with Alr may therefore
have been intruded into Aps, but they could also have been intruded
into an ice sheet that formed afterward. The interpreted origin of Alr is
consistent with previous interpretations by Mouginis-Mark (1985), De
Hon et al. (1999), and Mouginis-Mark and Wilson (2016).

Crenulated material (Acr) is closely associated to Alr and occurs where Alr extends into Aelc, forming numerous parallel ridges and fractures. Alr and Acr are therefore inferred to have a genetic relationship, with Acr
representing a series of graben formed where dikes interacted with older rugged (Aelc) terrain. This unit
was not previously mapped in other studies.
Lobate material (Apf) represents one of the most enigmatic units within our study area. Wilson and MouginisMark (2003) previously proposed that Hrad Vallis resulted from the intrusion of a shallow sill into the cryosphere,
which produced catastrophic ﬂoods either due to the melting of ground ice, or the release of groundwater from
a deep aquifer. Interactions between the sill and overlying ice-rich layers of rock and/or sediment may also have
caused phreatic or phreatomagmatic explosions (Morris & Mouginis-Mark, 2006; Wilson & Mouginis-Mark,
2003). Apf, which ﬂanks the upper reaches of Hrad Vallis (Russell & Head, 2003; Wilson & Mouginis-Mark,
2003), may be relics of former lahars (Morris & Mouginis-Mark, 2006; Pedersen, 2013), and if so, large thermally
anomalous depressions within this unit (Figures 1 and 10) could be (1) explosion craters related to interactions
between a hot mudﬂow and near-surface ice (Morris & Mouginis-Mark, 2006; Pedersen, 2013); (2) “ice cauldrons” formed by magmatic intrusions into ice-rich deposits (Pedersen et al., 2010); or (3) products of impacts
into an ice-rich target (Levy et al., 2017). However, Apf exhibits a suite of characteristics that are inconsistent
with the expected morphology of an aqueous ﬂood and its deposits. For instance, while the source of Apf
and its ﬂow path are ambiguous, it exhibits a highly interconnected lobate structure that winds its way around
topographic obstacles without evidence of eroding its surroundings or developing hydrodynamic streamlining. There are also no channels or depositional fans associated with the unit. This ﬂow geometry is therefore
inconsistent with the more linear and often-channelized structure of most debris ﬂows (Blair, 1999; de Hass
et al., 2015; Whipple & Dunne, 1992), but on the basis of morphology alone it is challenging to rule out the
possibility that the ﬂow unit was emplaced as a lahar in either the dilute or hyperconcentrated ﬂow regime,
which is why we use numerical models in section 3 to further constrain the origin of this unit.
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Figure 6. Detailed views of the lobate material (Apf) unit. (a) Part of a Context Camera-derived digital terrain model (DTM),
generated from B22_018168_2159_XN_35N218W and G02_019012_2158_XN_35N218W, showing the relationship
between Apf and the surrounding terrain, which includes rugged (Aelc), linear ridge (Alr), and smooth plains (Aps)
material. White arrows point to examples of the mounds within the Aps unit. Both (a) and (b) use the same elevation
scale. (b) HiRISE-derived DTM (DTEEC_018168_2160_019012_2160_A01) showing the location of the proﬁle depicted in (c).
(c) Topographic proﬁle across Apf (×10 vertical exaggeration). (d) Topographic proﬁle across a section of the McCartys
lava ﬂow in New Mexico (×5 vertical exaggeration), showing the typical morphology of a lava rise plateau, which includes
toe, steep margin, transitional margin, and plateau facies. HiRISE = High Resolution Imaging Science Experiment.

Alternatively, Apf may not be a mega-lahar deposit, but rather a pāhoehoe-like lava ﬂow formed through a
process of effusive volcanism. This alternative hypothesis is supported by the following seven observations.
(1) Apf forms a highly interconnected lobate network (Figure 1) similar to terrestrial pāhoehoe lava ﬂow ﬁelds
(Hamilton et al., 2013; Hon et al., 1994; Self et al., 1998), but inconsistent with the morphology of debris ﬂows
(Costa, 1984; de Haas et al., 2015; Iverson, 1997). (2) Fracture patterns located near the ﬂow margins (Figures 9a
and 9b) are comparable to those within inﬂated pāhoehoe ﬂows on Earth, such as the McCartys lava ﬂow in
New Mexico (Figure 9c; Nichols, 1946; Scheidt et al., 2014). (3) Interactions between the ﬂow and the surrounding topography are consistent with the emplacement of slow-moving pāhoehoe (Hamilton et al., 2013; Hon
et al., 1994; Self et al., 1998) but not with fast-moving ﬂoodwater that would produce streamlined landforms
(Baker & Milton, 1974; Burr et al., 2009), which we do not observe in this region. (4) Apf exhibits the same facies
as terrestrial lava rise plateaus (Scheidt et al., 2014), including toe, steep margin, transitional margin, and plateau facies (Figures 6c and 6d). (5) Apf includes large topographic depressions with concentric fractures
(Figure 10a), which are similar to lava rise pits in the McCartys ﬂow, New Mexico (Figure 10c; Scheidt et al.,
2014). Additionally, these topographic depressions lack raised rims and are inconsistent with expected morphology of equivalent diameter simple craters on Mars (Melosh, 1996; Robbins & Hynek, 2012). (6) Apf
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includes cratered cone groups (Figures 4k, 10a, and 10b) that are morphologically similar to the products of explosive lava-water interactions
(i.e., volcanic rootless cones) on Earth and Mars (Hamilton et al., 2010,
2011; Jaeger et al., 2007, 2010). (7) Apf extends to the north and
south of Hrad Fossae but does not always follow the current maximum
slope, nor does it inﬁll topographic basins now occupied with Aps,
which suggests that Apf was conﬁned by topography that has since
been removed to form Aps. In other parts of Elysium Planitia, lava ﬂows
are similarly interpreted to have been impeded by ice-bearing lobate
debris aprons, which have since sublimated to form a topographic
inversion where the ice once was (Hauber et al., 2008).
Thus, while previous studies (e.g., De Hon et al., 1999; Morris &
Mouginis-Mark, 2006; Pedersen, 2013; Tanaka et al., 2005; Wilson &
Mouginis-Mark, 2003) concluded that Apf is the remnant of former
lahar, we favor the interpretation that Apf is a pāhoehoe-like lava ﬂow
that interacted with high-standing topography within Aps to produce
lava rise pits and concentric fractures. Additionally, Apf may have interacted with surﬁcial ice deposits to form volcanic rootless cones and
other expressions of ice contact volcanism analogous to interactions
with former ice-bearing lobate debris aprons.

Figure 7. HiRISE orthoimage (ESP_018168_2160_RED_A_01_ORTHO) corresponding to HiRISE-derived DTM DTEEC_018168_2160_019012_2160_A01
(Figure 3b) showing the locations of the 750-m-long proﬁles extracted along the
margins of the lobate (Apf) unit. Proﬁles are color-coded by aspect and include
green (north facing, N = 587), yellow (east facing, N = 339), red (west facing,
N = 307), and orange (south facing, N = 426), where N is the number of proﬁles.
The white line corresponds to the reference contour of 4,067 m, and the inset
box within the smooth plains (Aps) unit shows the location of Figure 8.
HiRISE = High Resolution Imaging Science Experiment; DTM = digital terrain
model.

Chaotic material (Achc) occurs in a narrow region adjacent to parts of
Apf (Figures 4l and 4m) and is inferred to be a disrupted part of Apf.
The origin on this unit is ambiguous, but it is spatially conﬁned to the
margins of Apf, where it comes into contact with the younger ﬂow
materials sourced from Hrad Fossae (i.e., Aelt and Achp). Achc forms
irregularly shaped topographically low regions that are inﬁlled with
blocks and highly chaotic material. We therefore infer Achc to be a part
of Apf, having either formed (1) concurrently with Apf, through the
melting and removal of underlying ice to generate a thermokarst terrain
(Marcucci et al., 2017), or (2) much later, when the margins of Apf were
undercut and eroded by ﬂood water emanating from Hrad Fossae. Achc
has not been mapped in previous studies but is interpreted here to be a
degraded part of Apf.

3. Thermophysical Modeling

3.1. Methods
3.1.1. Ice Sublimation Modeling
To further assess the plausibility of the mega-lahar hypothesis for the
smooth plains (Aps) unit and overlying lobate (Apf) unit, we modeled
processes of ice sublimation. Speciﬁcally, we used a one-dimensional
(1-D) thermal conduction model to calculate temperatures of ice with an overlying dry lag deposit, which
would form as silicate material in the ice is left behind as the ice retreats. We calculated the magnitude of
sublimation expected over time to quantify the plausibility of an ice-rich deposit remaining at this latitude
over geological timescales.
The 1-D semi-implicit thermal model simulates a surface energy balance that accounts for insolation, blackbody radiation, and thermal conduction within subsurface layers using orbital solutions from Laskar et al.
(2004) over the past 21 Ma. We use 15 layers within one diurnal skin depth and layer thickness increases
by 3% until six annual skin depths are reached. This model yields robust temperature results for Mars
(Bramson et al., 2017), and the annual-average temperatures we calculate with it are consistent with those
modeled by Mellon et al. (2004).
Using modeled temperatures in combination with the Clausius-Clapeyron equation and ideal gas law, we calculated vapor densities throughout the regolith and at the ice table (i.e., the depth where ice begins to be

HAMILTON ET AL.

1494

Journal of Geophysical Research: Planets

10.1029/2018JE005543

Figure 8. (a) HiRISE-derived DTM DTEEC_018168_2160_019012_2160_A01 with the maximum elevation of the ridge crest
shown in black with proﬁles (translucence white) extending 200 m in either direction from the ridge crest. (b) Cross section
(with ×20 vertical exaggeration) along the strike of the dike showing the maximum and minimum elevation of the
linear ridge (Alr) unit as well as the mean ± 1 standard deviation (σ x) height based on the N = 693 shown in (a). HiRISE = High
Resolution Imaging Science Experiment; DTM = digital terrain model.

stable within the substrate for a given set of material properties and orbital parameters). Atmospheric water
vapor densities are calculated using the obliquity-dependent scheme of Schorghofer and Forget (2012). We
allowed ice to settle in the pore spaces of the regolith at and below the equilibrium depth, when and where
the annual average water vapor density in the regolith equals that of the atmosphere (ρvapor ¼ ρatmosphere ).
During times when pore-ﬁlling ice is stable within the regolith, we assumed that it is impermeable and
thus no sublimation occurs in the ice layer below. However, when ρvapor is greater than ρatmosphere at the

Figure 9. Detailed views of the margin of the lobate material (Apf) unit. (a) HiRISE-derived DTM (DTEEC_016467_
2155_016533_2155_A01) showing the relationships between Apf and the adjacent rugged (Aelc) and smooth plains
(Aps) units. The inset box shows the location of the magniﬁed view shown in (b). (b) Inset showing fractures within Apf,
which runs parallel to the ﬂow margin. (c) Flow margin of the McCartys lava ﬂow in New Mexico, showing inﬂation clefts
along the ﬂow boundary that are analogous to those within Apf. Note the change in scale for the terrestrial example shown
in (c). HiRISE = High Resolution Imaging Science Experiment; DTM = digital terrain model.
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Figure 10. Detailed views of topographic depressions within the lobate material (Apf) unit. (a) HiRISE-derived DTM
(DTEEC_018168_2160_019012_2160_A01) showing a topographic depression with concentric fractures that is located
within Apf, which also has a thermal anomaly (Morris & Mouginis-Mark, 2006). The inset box shows the location of the
magniﬁed view shown in (b). (b) Cratered cones near the topographic depression. These landforms are interpreted to be
volcanic rootless cones. (c) Perspective view of a lava rise pit in the McCartys lava ﬂow, New Mexico. The steep-sided
depression is ~43 m in diameter, ~10-m-deep, and exhibits a series of concentric fractures that are analogous to those
within Apf. Note the change in scale for the terrestrial example shown in (c). HiRISE = High Resolution Imaging Science
Experiment; DTM = digital terrain model.

ice table, ice is lost at a rate that is dependent on the vapor diffusion coefﬁcient of the regolith (assumed to
be 3 × 104 m2/s, which is consistent with Hudson et al., 2007), the difference between the vapor density
and atmospheric vapor content, and the depth of the ice table. We implemented the growth of the
regolith layer over time following the method described in Schorghofer (2010) and used their integrated
solution for estimating lag thickness. Assuming that the top of this ice layer is at the equilibrium depth
for conditions at the starting time, we ran the model throughout the orbital solutions of Laskar et al.
(2004) to calculate the ice loss and subsequent lag growth through to present day. Additional details
regarding this procedure for modeling ice retreat in the Martian midlatitudes can be found in Bramson
et al. (2017).
To constrain the model, we used nighttime Mars Odyssey Thermal Emission Spectrometer data over units Aps
and Apf to determine an average thermal inertia of the surface of 170 J·m2·K1·s0.5 (Putzig & Mellon, 2007)
and an albedo of 0.21 (Christensen et al., 2001). We calculate the conductivity of the upper, dry regolith layer
by dividing the thermal inertia squared by the volumetric heat capacity. We calculate volumetric heat capacity, which is the product of solid substance density (ρ) and speciﬁc heat capacity (c), of each thermophysical
layer using a linear combination of silicate material (ρsilicate = 3,300 kg/m3; csilicate = 837 J·kg1·K1) and ice
(ρice = 920 kg/m3; cice = 1,540 J·kg1·K1). The pore-ﬁlling ice and “excess ice” layer conductivities are
calculated assuming a linear combination of end-member conductivities (ksilicate = 2 W·m1·K1;
kice = 3.2 W·m1·K1) based on volumetric contents of each component (rock, ice, and air) in the mixture.
The term excess ice refers to the proportion of ice beyond the pore space of the material that can cause of
reduction in unit thickness if it is removed. The porosity of the regolith is assumed to be 40%, based on
the loose random packing of spherical grains of equal size. The excess ice layer is assumed to have 0% porosity, and we vary the volumetric fraction of silicate inclusions. The initial proportion of rock and ice (if any) is
poorly constrained for Aps and Apf, and so we solve for a range of conditions including 70%, 80%, 90%, 95%,
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and 99% ice by volume, with the remainder of the deposit being composed of silicate material (e.g., Figure 1).
Simulations involving 100% ice were not considered because the deposits would be highly unstable, leading
to extremely rapid sublimation of the entire deposit in the absence of even a small fraction of sediment being
left behind to form an insulating lag deposit. Pure ice, in the case of Apf, which is still preserved, would also be
visible in remote sensing imagery, which is not the case. Simulations were run using thermophysical conditions at latitudes of 36°N to establish the maximum age of ice ﬂow units in our study area.
The ﬁnal input to the sublimation model is initial unit thickness. For Aps there are few constraints on its initial
thickness except for the occurrence of high-standing linear ridges (Alr) that crosscut Aps. De Hon et al. (1999)
and Mouginis-Mark and Wilson (2016) interpreted Alr to be the remains of exhumed dikes that were intruded
into an easily erodible material. If these dikes were intruded into an ice-rich ﬂow unit, then the height of the
dikes may provide a minimum estimate of the initial thickness of Aps. However, it is also possible that the
dikes were intruded into a thicker regional ice deposit that formed after the emplacement of Aps
(Mouginis-Mark & Wilson, 2016). We therefore take the maximum exposed height of Alr as a constraint on
the minimum initial thickness of an ice-rich layer that the dikes intruded into, with the caveat that this layer
may either have been Aps or a subsequently formed layer of ice.
To determine the height of Alr, we extracted 693 proﬁles perpendicular to the ridge axis using HiRISE-derived
DTM DTEEC_018168_2160_019012_2160_A01 (Figures 7 and 8). Each 400-m-long proﬁle was sampled with a
vertex spacing of 1 m, with adjacent proﬁles separated by 5 m. The maximum elevation along each proﬁle
was used to identify the crest of the dike, and each proﬁle was centered on this point to compare proﬁles
along strike and calculate the statistical characteristics of the unit’s morphology. Results (Figure 8) show that
relative to the surrounding terrain, the mean height of the unit is 26.0 m ± 5.1 (at 1 standard deviation, σ x ),
with a maximum height of 36.4 m and a minimum height of 13.8 m. This means that if Alr was intruded into
Aps, and Aps was initially composed of pure ice, then it must have been at least 36.4 m thick at the time of
emplacement. However, if the ice contained sediment, then it would have left a lag deposit behind and buried the base of the dike, and the ice would have had to be thicker initially to generate the same exposure
depth. Our simulations tracked both ice retreat and lag growth, and so we subtracted the ﬁnal sediment load
from the initial icy-unit thickness to yield the ﬁnal depth of exhumation for that simulation. To ﬁnd the cases
that generate 40 m of exhumation for a range of ice and sediment contents, we ran the model using initial
unit thicknesses of 40, 45, and 50 m and a range of sediment fractions. We then ran the ice sublimation model
for a variety of starting ages to determine the minimum age that the unit would need to completely sublimate the ice. Figure 11 shows an example for the 45-m-thick case. All models inputs and results are also provided as supporting information (Ice Sublimation Model).
For Apf, we considered an initial thickness of 50 m, which is the unit’s currently observed height above
its surroundings and is in keeping with the value we used in our thermophysical viscous deformation models
(section 3.1.2). If Apf was emplaced as an ice-rich unit, then its initial thickness could have been >50 m, but
HiRISE images do not provide evidence for the formation of a thick desiccation lag on the surface of this unit.
Assuming an initial thickness of 50 m provided a reasonable approach to inferring how long the observed
deposit could be stable, if it were composed of ice.
3.1.2. Viscous Deformation Modeling
To test whether or not Apf is a frozen mega-lahar deposit or an inﬂated pāhoehoe-like lava ﬂow, we used the
ﬁnite element software package Elmer/Ice (Gagliardini et al., 2013) to quantify viscous evolution of icy ﬂow
features. The foundation of this test is that ice-rich units will undergo viscous deformation over geologic
timescales and the rate of this deformation is strongly dependent on temperature, which in turn implies variations with aspect to the Sun. Therefore, given temperature contrasts on north and south facing slopes of the
ﬂow, we expect ice-rich (>40% ice) units to develop shallower slopes on warmer south facing sides than on
the colder north facing margins (Figure 12). In contrast, solidiﬁed lava ﬂows and lithic-rich sedimentary
deposits containing <40% ice would not be expected to undergo postemplacement viscous deformation
and would retain their initial shape. Assuming that the ﬂow units were initially symmetrical, the detection
of a statistically signiﬁcant slope asymmetry could therefore imply viscous ﬂow within an icy unit, whereas
the lack of such an asymmetry would imply that the unit is either not ice rich, or ice rich, but sufﬁciently young
such that it has not yet undergone a detectable amount of viscous deformation. To quantify these relationships, we modeled the time it would take to generate potential slope asymmetries for a range of ice contents
and compare these results observed slope distributions for the Apf unit.
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Figure 11. Sublimation modeling of 45-m-thick layers containing 99–70% ice, with the remainder being silicate sediment.
Results are shown for ice retreat, lag thickness, and exhumation depth using orbital constraints over the past 21 Ma, based
on Laskar et al. (2004). Model runs simulate a deposit at 36°N, which provides an upper limit of the age of ice within the
study region (33–36°N).

For our nominal case, we solved the Stokes equations (i.e., conservation of mass and momentum equations)
for a ﬂow margin that is in the shape of a quarter sine wave of amplitude 50 m and quarter-wavelength
550 m, which approximates the observed geometry of Apf (Figure 6c). We meshed our domain with nodes
every 2 m and found that our results do not signiﬁcantly change by doubling the node density. Terrestrial
glaciology often uses the Glen ﬂow law (Glen, 1955), which expresses strain rate as proportional to driving
stress cubed. Although this expression is empirically valid for terrestrial glaciers, ice on other planets may
not experience the same relative weight of different deformation mechanisms as on Earth (due to differences
in gravity, topography, and ice quantity), so we instead use rheological laws that separate out strain rate for
those different deformation mechanisms (Goldsby & Kohlstedt, 2001). Additionally, we include a factor that
modiﬁes strain rate for silicate particle content, such that increasing silicate content has the effect of exponentially decreasing strain rate (Durham et al., 1992). These rheological models have previously been used
to investigate viscous deformation of ice on Mars (Pathare & Paige, 2005; Pathare et al., 2005; Sori et al.,
2016) and elsewhere (Sori et al., 2017). For this study all models inputs are provided as supporting information (Ice Flow Model), with the full equations available in these earlier studies (i.e., Pathare & Paige, 2005;
Pathare et al., 2005; Sori et al., 2016, 2017).
The most important physical parameter controlling viscous deformation is temperature because increasing
temperature exponentially decreases ice ﬂow viscosity. To estimate the annual-average temperature of the
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Figure 12. Modeling results of viscous dissipation processes within ice-bearing units on Mars. (a) Cross section through our
ﬁnite element model showing ﬂow velocities in a pure ice unit with an average temperature of 218 K on its equatorward
facing (southern) slopes and 212 K on its poleward facing (northern) side. The ﬂow velocities for the 40% ice case
are 2–3% compared to pure ice case. (b) Modeled topographic evolution of a pure ice ﬂow with time. The geometry at
13.7 Ma corresponds to the 7.18° detection limit of asymmetry between the north and south facing slopes of Apf. The
proﬁle has ×10 vertical exaggeration.

ﬂow unit as a function of aspect, we used the 1-D semi-implicit thermal model described above in section 3.1.1.
For the slopes associated with the Hrad Vallis lobate unit (described below), the model predicts an annualaverage temperature of 212 K for poleward facing slopes and 218 K for equatorward facing slopes.
To setup the geometry of our ﬂow model and interpret the results, it was crucial to carefully measure the
slope of the ﬂow margin. We used HiRISE-derived DTMs to identify potential asymmetries in the topographic
expression of Apf and as a function of aspect (Figures 7 and 13). To counteract the effects of regional slope, a
local datum was established for DTM DTEEC_018168_2160_019012_2160_A01 by masking Apf and highstanding linear ridges (Alr) and then ﬁtting a plane to the surrounding smooth plains (Aps) unit. This plane
has an inclination of 0.18° and dips toward the west (269°), implying that the local ﬂow direction of the overlying Apf unit was also to the west. A reference contour of 4,067 m in the detrended data was used to align
and compare the topographic proﬁles, which were extracted perpendicular to this contour every 10 m,
extending 200 m downslope and 550 m upslope from the reference node (Figure 7). The reference elevation
of 4,067 m was chosen because it is well resolved within the middle of the steep margin facies of Apf. A total
number (N) of 1,658 proﬁles were extracted along the ﬂow margin and grouped into four quadrants centered
on each cardinal direction based on their aspect (Figure 7): north (N = 587), east (N = 339), west (N = 307), and
south (N = 426). For all proﬁles in each quadrant we then calculated mean topography and slope, with variance for each (Figure 13). However, given that slope depends on the baseline over which it is measured,
we calculated it using a linear regression through the data over baselines of 10, 20, 40, 60, 80, and 100 m
(Figure 14). Shorter baselines result in higher maximum slope values but capture unwanted high-frequency
information (i.e., roughness), whereas longer baseline measurements underestimate the maximum slope of
the margin because they span more than one facies (i.e., toe, steep margin, transitional margin, and plateau
regions). Comparing the statistical characteristics of slope distributions enables us to quantify morphological
asymmetries between the north and south facing quadrants of Apf and constrain potential combinations of
ice content and age for the unit.
3.2. Results
3.2.1. Testing the Frozen Mudﬂow Hypothesis Through Sublimation Modeling
Ice sublimation modeling provides additional constraints on the age and morphology of putative mega-lahar
deposits in the Hrad Vallis region. For example, Figure 11 presents a scenario for a 45-m-thick ice-rich deposit
at a latitude of 36°N, with ice contents ranging from 99% to 70% and the remainder of the deposit being composed of silicate sediment. This latitude places a maximum age for ice-bearing units in our study area because
ice would sublimate even faster at lower latitudes. Figure 11 also shows the relationship between ice retreat
and lag formation as well as the overall exhumation depth (amount of loss of the icy-unit thickness minus the
growth of the sublimation lag) with time. Table 3 provides additional details for a broader range of initial
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Figure 13. Topographic proﬁles (left column) and maximum slope distributions (right column) for proﬁles extracted from
the north, east, west, and south facing quadrants. In the left column, the mean elevation (black line) ± 1 standard
deviation (σ x ) of the ﬂow margins is centered on 4,067 m elevation and extends 200 m downslope and 550 m upslope
for each quadrant. In the right column, the maximum slope distributions and mean maximum slope (black line) ± 1 σ x in
each quadrant. North and south facing slopes exhibit different topographic and slope distributions, but they are not
statistically distinguishable at 1 σ x . See Figure 7 for proﬁle locations.

deposit thicknesses (40, 45, and 50 m) over the same range of ice contents (99%, 95%, 90%, 80%, and 70%).
Results for ice contents less than 70% are not shown because they would not completely sublimate over the
21 Ma timeframe over which the orbital solutions are reasonably constrained by Laskar et al. (2004).
Results show several combinations of thickness and sediment content would completely sublimate within
21 Ma and exhume Alr to its currently observed height of ~36.4 m (Table 3). For instance, a 40-m-thick layer
containing ≥95% ice would sublimate within ≤1.49 Ma, with an exhumation depth of ≥36.49 m; a 45-m-thick
layer containing ≥90% ice would sublimate within ≤3.08 Ma with an exhumation depth of ≥37.4 m; and
50-m-thick layer containing ≥90% would exhume Alr to a height of ≥41.62 m within ≤19.43 Ma. Modeling
sublimation processes for signiﬁcantly thicker layers, or units with lower ice contents, is restricted by the
lack of well-constrained orbital parameters for Mars for time frames longer than 21 Ma.
Based on these results, if Aps was emplaced as a mega lahar in the dilute ﬂow regime (i.e., <20% sediment), it
could be younger than 19.43 Ma and still have had time to completely sublimate away before present, but if it
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was emplaced in the hyperconcentrated (20–60% sediment) or debris
ﬂow (>40% sediment), regime it must be signiﬁcantly older than ~20 Ma.
To constrain the origin of Apf, we note the presence of well-preserved
surface textures such as fractures parallel to the ﬂow margins (e.g.,
Figure 9) and around interior pits (e.g., Figure 10). These structures
imply that if a lag deposit formed on the surface of Apf, then it must
be thin; otherwise these ﬁne-scale structures would be obscured. This
implies that if Apf is ice rich, it must be very young. For example, if
we assume that its initial thickness was 50 m and solve for ice contents
ranging from 99% to 80%, then the unit would have completely sublimated away within 0.51–19.43 Ma. For ice contents <80%, the unit
could have survived for a longer period of time but would have developed a >16.67-m-thick lag deposit, which is inconsistent with morphological observations that suggest that the unit is not covered by a thick
Figure 14. Evaluation of ﬂow margin topography and slope to quantify potenmantle of sedimentary material.
tial asymmetries. Mean maximum slope ± 1 σ x (n = 1659) for all quadrants
calculated for a range of baselines (5, 10, 20, 40, 60, 80, and 100 m). The inset rose 3.2.2. Testing the Frozen Mudﬂow Hypothesis Through Viscous
diagram shows the mean (blue) and ±1 σ x (red) slopes in each quadrant using a Flow Modeling
40-m baseline. The results show that the maximum slopes within the north
To assess whether or not lobate material (Apf) is consistent with the
and south facing slopes differ by 1.34°, but statistically signiﬁcant N-S asymmecharacteristics of a frozen lahar deposit, we apply a viscous ﬂow model
tries are not distinguishable for differences <7.18°, based on a 1 σ x detection
to
quantify the deformation timescales of ice and sediment mixtures on
threshold.
Mars and compare the results to the observed geometry of Apf to draw
inferences about its original properties. Mixtures of liquid water and sediment may ﬂow as a Newtonian ﬂuid
for particulate concentrations <50%, but for higher particle concentrations, a yield strength is expected. Due
to bulking and debulking processes (Fagents & Baloga, 2006; Pierson & Scott, 1985), lahars can transition from
dilute to hyperconcentrated ﬂows and to debris ﬂows as they bulk up through the incorporation of new sedimentary material (via erosion) and/or loss of water. This sequence can then be reversed as the ﬂows debulk
farther downstream, due to deposition of entrained sediment and/or addition of water. Dilute ﬂows typically
include <20% sediment, hyperconcentrated ﬂows contain 20–60% sediment, and debris ﬂows have >60%
sediment (Pierson, 2005). If Apf originally contained a signiﬁcant volumetric fraction of H2O (i.e., was
emplaced as a concentrated or hyperconcentrated ﬂow that subsequently froze), then it would be expected
to viscously deform over geologic timescales.
Ice viscosity is highly sensitive to temperature (e.g., Durham & Stern, 2001), and therefore, we would expect
ice-rich deposits to have shallower slopes along equatorward facing (south facing) margins than on poleward
facing (north facing) surfaces because southern slopes would receive more insolation, be warmer, and therefore deform more rapidly. To quantify relationships between ice fraction, age, ﬂow rate, and slope, we
numerically modeled viscous ice ﬂow (section 3.1.2). Taking the ice fraction of the material as a free parameter, which exponentially affects viscosity (Durham et al., 2009), our results suggest that an ice-rich unit
(100% ice) should experience a differential velocity of ~3.9 μm/year between north facing (10.9 μm/year)
and south facing (14.8 μm/year) slopes (Figure 12).
To determine if asymmetries exist between the north and south facing slopes of Apf, we analyzed HiRISEderived DTM DTEEC_018168_2160_019012_2160_A01 (Figure 6b) and calculated the mean and variance
Table 3
Sublimation Modeling Results for Ice-Rich Layers Located at 36°N on Mars
Flow thickness = 40 m
Ice
volume
99%
95%
90%
80%
70%

Flow thickness = 45 m

Flow thickness = 50 m

Maximum
age (Ma)

Lag
thickness (m)

Exhumation
height (m)

Maximum
age (Ma)

Lag
thickness (m)

Exhumation
height (m)

Maximum
age (Ma)

Lag
thickness (m)

Exhumation
height (m)

<0.51
1.49
2.50
4.99
12.35

<1.00
3.51
6.75
13.37
20.01

>39.00
36.49
33.25
26.63
19.99

0.51
1.77
3.08
12.30
20.03

1.00
3.83
7.61
15.02
22.53

44.00
41.17
37.39
29.98
22.47

0.51
2.15
3.99
19.43
>21

0.98
4.25
8.38
16.68
–

49.02
45.75
41.62
33.32
–
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Figure 15. Curves showing the expected slope difference in south facing versus
north facing quadrants of a 50-m-thick layer, solved for a range of ice contents
and ages. Units with <40% ice are not expected to ﬂow, whereas materials with
40–100% ice content will deform over geologic timescales. The blue line is the
observed difference (1.44°) between the mean slope in the south facing versus
north facing quadrants of Apf, whereas the red line corresponds a slope difference of 7.18°, which is the maximum difference between the mean slopes ±1
standard deviation. Given this constraint, all combinations of ice contents and
ages below the red curve are possible, whereas the parameter space above the
red line (dark gray shaded region) would be inconsistent with observations.
Additional solutions, with <40% and >80% ice (light gray shaded regions), are
excluded on the basis of observed geomorphology and ice sublimation modeling, respectively. If Apf was emplaced as an aqueous ﬂood deposit, this leaves the
layer being emplaced in the hyperconcentrated ﬂow regime as the most likely.
The dashed line, corresponding to a deposit age of 19.43 Ma, marks the time it
would take to sublimate a 50-m-thick layer containing 80% ice. Solutions for
signiﬁcantly thicker deposits, or layers containing <80% ice, do not completely
sublimate within the 21 Ma time frame for which reliable orbital parameters are
available for Mars and therefore cannot be excluded based on the results of our
sublimation model.

10.1029/2018JE005543

of the ﬂow margin’s topography and maximum slope in four quadrants
centered on each of the cardinal directions (Figures 7 and 13). For the
purposes of evaluating potential departures from symmetry, we were
primarily interested in the slope characteristics within the steep margin
facies because this is the region of the unit that undergoes the highest
driving stresses and would therefore be the most sensitive to viscous
deformation. The steep margin facies is typically 50 m wide, and so
we consider the slopes calculated over a 40-m baseline to be the most
representative of the overall slope of the steep margin but note that
the values are not signiﬁcantly different in the 20- and 60-m-baseline
scenarios (Figure 14). Within the 40-m-baseline scenario, the mean
maximum slope in the northern quadrant is 14.47° ± 2.70° at 1 standard deviation (σ x ) and 13.03° ± 3.04° in the southern quadrant. The
simple difference between these two means is 1.44° (plotted as the
blue line within Figure 15). To determine if this difference is signiﬁcant, we conducted an unpaired t test between north and south
quadrants and found a p value <0.0001. This allows us to conclude
that the slope asymmetry is signiﬁcant—just as a viscous ﬂow model
would predict for unit with >40% ice. However, given that the number of proﬁles (N) used to calculate the mean in the north and south
quadrants were 587 and 426, the standard error (sx ) on the mean
slope within these two quadrants is 0.11° and 0.15°, respectively,
which slightly broadens the uncertainty on the simple difference to
1.18–1.70° at ±1 sx. Using these ±1 sx error bounds, the unit age could
be 2.3–3.4 Ma, if the Apf were composed of 100% ice, or
80.5–116.0 Ma if the ice content were 40%. However, comparing
the mean slopes in the north and south facing quadrants of the ﬂow
using only sx as a measure of uncertainty deemphasizes the natural
variability in the data. For instance, the difference between the north
and south facing slopes at ±1 σ x ranges up to 7.18°, which places an
upper bound on the potential asymmetry that could remain undetectable given the variance in the data (plotted as a red line in
Figure 15). At ±1 σ x the difference could be also as low as 4.30°,
indicating that the north facing ﬂow margin is shallower, which is
the opposite of what would be expected if viscous deformation
had occurred.

To further quantify the similarity of the two slope populations, we calculated the Bhattacharyya distance
(Bhattacharyya, 1946) between them. The resulting separation is 0.0349, which implies that there is signiﬁcant overlap between the frequency distributions of the north and south facing slopes. Consequently, the
two populations are statistically separable based on comparison of their mean values, but the slope distributions exhibit signiﬁcant overlap, which could result from the natural variability in original ﬂow morphology,
rather than postemplacement viscous deformation.
3.3. Interpretation of the Origin of Putative Mega-Lahar Units
Several studies (De Hon et al., 1999; Morris & Mouginis-Mark, 2006; Pedersen, 2013; Wilson & Mouginis-Mark,
2003) previously interpreted Aps to be the relic of a frozen mega lahar, and our geological analyses support
this conclusion. Additionally, if high-standing linear ridge material (Alr), exposed throughout Aps, is composed of exhumed dikes that were intruded into an easily erodible material (i.e., ice-rich sediments), then
the height of these dikes places a constraint on the thickness of former ice deposits in the region. If these
dikes were intruded into Aps, then maximum exposed height of Alr (36.4 m) provides a minimum estimate
of the initial thickness of Aps.
If Aps was emplaced as a dilute ﬂow regime (<20% sediment), then it would have completely sublimated
away within ~20 Ma, whereas if it was emplaced in a hyperconcentrated regime (20–60% sediment) then

HAMILTON ET AL.

1502

Journal of Geophysical Research: Planets

10.1029/2018JE005543

it must be older than ~20 Ma to have completely sublimated away by the present day. Nevertheless, we infer
that Aps is actually much older than ~20 Ma because of its stratigraphic position. Thus, sublimation modeling
is consistent with the interpretation that Aps is a relic of a former mudﬂow that eroded to form a knobby
plains-forming unit and that the process of sublimation likely occurred on the time scale of tens of millions
or years for a deposit emplaced in the hyperconcentrated ﬂow regime.
The second candidate mega lahar in the Hrad Vallis region is Apf, which formed after Aps. To assess whether
or not Apf could be a frozen aqueous ﬂood deposit, we apply a viscous ﬂow model to the unit to determine if
its morphology can be reasonably attributed to an ice-rich ﬂow unit. Results show that north-south slope
asymmetry of 7.18° could have developed within a 50-m-thick ice-bearing unit within 13.7–471.3 Ma, assuming ice contents ranging from 100% to 40% by volume. Using more conservative constraints on ﬂow asymmetry (1.18–1.70° at ±1 sx ) and the same range of ice contents, the emplacement age of the ﬂow would
not be older than 2.3–116.0 Ma. However, ages based on ice contents <40% are deemed unrealistic because
they would imply emplacement in the debris ﬂow regime, and a debris ﬂow would be morphologically inconsistent with the observed ﬂow geometry, which exhibits a torturous path that branches and reconnects in a
complex fashion over a wide area (Figure 1).
To further constrain the parameter space, we consider sublimation timescales from section 3.2.1. For
instance, a 50-m-thick deposit with >80% ice would sublimate within <19.43 Ma and therefore would
typically be lost before the unit had enough time to develop a detectable asymmetry though viscous
deformation. Higher sediment fractions could lead to the development of thicker lag deposits that would
inhibit sublimation, thereby enabling ice to survive for >19.43 Ma, but observational evidence does not
support the existence of a thick lag deposit on the surface of Apf. Much younger ages would limit the
time available for lag formation (and viscous deformation), but given that three major geologic units—
Aelt, Achp, and Ach—are all younger than Apf, emplacement ages much younger than 19.43 Ma are
highly unlikely.
Exclusion regions imposed by the absence of a detectable asymmetry threshold of 7.18° are shown in dark
gray in Figure 15, whereas the exclusion regions based the deposit containing too little (<40%) or too much
(>80%) ice are shown in light gray. Prior to freezing, a ﬂow containing too little (i.e., <40%) water would likely
have been emplaced in a debris ﬂow regime (>60% sediment), which is inconsistent with the highly complex
ﬂow path of Apf. In contrast, a ﬂow containing too much (i.e., >80%) water would have been emplaced within
a dilute ﬂow regime (<20% sediment) and is unlikely to have formed a 50-m-thick lobate unit because its particle density would be too low to exhibit a signiﬁcant yield strength, and the resulting deposit would completely sublimate away within 19.43 Ma. Alternatively, the ﬂow could have been emplaced in the hypercontrated
ﬂow regime (20–60% sediment), but to agree with the observation that Apf does not appear to have a thick
sedimentary mantle on its surface, the ﬂow would have to be unreasonably young to limit the time available
for lag formation.
Given the highly restrictive constraints on sediment fraction and age necessary to reconcile our modeling
results with the observed morphology and spatial distribution of Apf, Occam’s razor suggests that a simpler
alternative may provide a more reasonable explanation for the origin of the ﬂow unit. This simpler alternative
is that Apf is not a mega-lahar deposit at all, but rather it is a pāhoehoe-like lava ﬂow formed through the
process of inﬂation.
If Apf is a pāhoehoe-like lava ﬂow, then topographic depressions within the unit could be lava rise pits
that formed where the lava encountered high-standing knobs exposed with Aps unit to form topographic
inversions through the process of inﬂation. If so, it would imply that Aps had completely sublimated prior
to the emplacement of Apf and that there was a signiﬁcant time interval (perhaps tens of millions of
years) between these two events. The idea that the mounds within Aps could be sediment inﬁlled and
topographically inverted impact craters similarly suggests that there was a long time period of crater
accumulation on the original surface prior to the unit’s sublimation. However, the ﬂow path of Apf does
not inﬁll what are now large topographic depressions (Figures 1, 6a, and 6b), which suggests that Apf
may have been obstructed by material that has since been eroded. This material could have been part
of the ice-bearing remains of Aps or a subsequently formed deposit. This raises the intriguing possibility
that Apf may have interacted with surface ice at the time of emplacement (Mouginis-Mark & Wilson,
2016), which is consistent with the interpretation that small cratered cones throughout the unit
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(Figures 1, 4k, 9a, and 9b) are volcanic rootless cones formed through the process of explosive lava-water
interaction.
We therefore conclude that while Aps exhibits characteristics that are consistent with that of an ice-rich unit
that has sublimated away to form a lag deposit, Apf is unlikely to share a similar formation mechanism and is
instead interpreted to be an inﬂated pāhoehoe-like lava ﬂow. The contrasting origin of these two units also
implies a complex geologic history within the Hrad Vallis region, including episodes of both aqueous ﬂooding
and effusive volcanism.

4. Discussion
4.1. Geologic History of the Hrad Vallis Region During the Late Amazonian Epoch
Our geologic mapping reveals that the oldest exposed units near Hrad Vallis include an assemblage of
eroded knolls, plateaus, and ﬂows, which form the high-standing rugged material (Aelc), and series of lava
ﬂows comprising the plains-forming material (Ael). The next oldest deposit is the smooth plains material
(Aps), which inﬁlls topographic lows on either side of Hrad Fossae. Aps includes large dune-like structures
(Morris & Mouginis-Mark, 2006), oriented perpendicular to the inferred ﬂow direction from Hrad Fossae,
which is consistent with the interpretation that this unit was emplaced as an aqueous ﬂood carrying a significant sedimentary bedload (Baker & Milton, 1974; Carr, 1979). However, similar landforms could also have
been produced by aeolian processes. Aps has a highly degraded surface characterized by mound-shaped
pedestals interpreted to be topographically inverted impact craters formed as the Aps eroded and left
behind a lag deposit. The next oldest unit is Galaxias Mons (Aelr), which is closely associated with highstanding NW-SE trending dikes (Alr) and crenulated material (Acr). To be high-standing, the dikes must have
been intruded into an easily removable material, such as ice or unconsolidated sediments (Morris &
Mouginis-Mark, 2006). This easily erodable unit may have been a frozen lahar (i.e., Aps), but if Galaxias
Mons is a tindar formed during a subglaical volcanic eruption (Chapman et al., 2000; De Hon et al., 1999;
Mouginis-Mark & Wilson, 2016; Pedersen, 2013; Pedersen et al., 2010; Tanaka et al., 2005), then the ice must
have been >200 m thick (Mouginis-Mark & Wilson, 2016). An ice thickness >200 m is greater than could be
reasonably produced by an aqueous ﬂood or paleolake given that the depth would exceed the height of the
surrounding topography. Therefore, to reconcile inferred subglacial origin for Galaxias Mons requires the
regional deposition of thick-ice deposits within the Hrad Vallis region during periods of higher obliquity
(Forget et al., 2006). If so, there may have been a considerable age gap between the emplacement for Aps
and the units Aelr, Alr, and Acr.
We interpret Apf to be the product of effusive volcanism on the basis of our geological mapping, geomorphological characterization, and thermophysical models. Apf was emplaced after Aelr, Alr, and Acr but before
more recent ﬂow materials released from Hrad Fossae (i.e., Aelt, Achp, and Ach). Apf has the overall morphology of a lava rise plateau, with well-developed fractures located along its periphery and lava rise pits distributed throughout its interior (Figures 6a, 6b, 7, and 10). The largest of these topographic depressions include
deep concentric fractures that may have enabled steam and ﬁne-grained sediment to escape from beneath
the ﬂow during phreatic or phreatomagmatic explosions caused by interactions between the hot lava ﬂow
and underlying ground ice. Additional evidence of lava-water interaction comes from the occurrence of cratered cone groups on the ﬂow surface (Figures 1, 4k, 10a, and 10b), which are interpreted to be volcanic rootless cones, and the unusual ﬂow path of the lava, which does not follow the current topographic gradient but
can be explained by ice conﬁnement of the lava at the time of emplacement. A comparable conﬁnement of
lava by ice was observed during the emplacement of the 2010 Fimmvörðuháls lava ﬂow in Iceland, where
interactions between the lava ﬂow and surrounding ice and snow produced a meltwater channel in advance
of the ﬂow that helped to conﬁne the path of the lava as it advanced (Edwards et al., 2012).
Chaotic material (Achc; Figures 4l and 4m) is interpreted to be thermokarst formed along the edge of the Apf
lava ﬂows. Lava-induced thermokarst is similarly inferred to have formed in association with the Lost Jim lava
ﬂow on the Seaward Peninsula of Alaska (Marcucci et al., 2017), where escaping meltwater is inferred to have
caused the ice-rich surroundings to subside and collapse.
The youngest major ﬂow units in the area are associated with Hrad Vallis and include concentric ridge and
trough (Aelt), ﬂood plain (Achp), and channel (Ach) material. These materials are interpreted to be the
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result of a second generation of catastrophic aqueous ﬂooding caused by the emplacement of an igneous
intrusion beneath the Hrad Vallis source region. This led to eruption of water and entrained sediment onto
the surface, collapse of the overburden to form chaos-like terrain, and partial mass wasting of the surroundings into the depression to form Aelt. Escaping ﬂoodwater ﬂowed over older lava ﬂows associated with Ael to
form a scoured ﬂood plain on either side of the main erosional channel (Ach).
Based on our observations, we infer that the Hrad Vallis region experienced multiple episodes of aqueous
ﬂooding and ice contact volcanism, related to the emplacement of sills, dikes, and lava ﬂows into a variety
of ice-rich terrains. Hrad Vallis and by extension similar outﬂow channels on Mars are therefore unlikely to
have formed during a single event attributable to either aqueous ﬂooding or effusive volcanism and are more
likely composite structures formed during multiple episodes of activity.
4.2. Constraints on the Emplacement Duration of Lava Rise Plateaus Near Hrad Vallis
If Apf is a pāhoehoe-like lava ﬂow, then its emplacement duration can be estimated by calculating the time
required to grow its upper crust (Hamilton et al., 2013; Hon et al., 1994; Self et al., 1998). For Apf, the thickness of its upper crust is unknown, but if we assume that the upper crust represents 40–60% of the total
ﬂow thickness, as Self et al. (1998) have observed for a wide range of terrestrial lava ﬂows, then we may
infer that the ~50-m-thick Apf ﬂow has a 20–30 m-thick crust. Using this crustal thickness estimate in combination with lava-cooling equations (Hon et al., 1994), adapted for Martian conditions (Keszthelyi, 2012),
we calculate that the emplacement duration for Apf was 16–36 years. This timescale is consistent with
emplacement duration of continental ﬂood lava ﬂows on Earth, which is on the order of years to decades
(Self et al., 1998), but much longer than turbulently emplaced lava ﬂows in other regions of Mars, such as
Athabasca Valles, which may have been erupted over a timescale of only several weeks (Jaeger et al.,
2007, 2010).
4.3. Implications for Hydrothermal Activity and Habitability
The origin of Apf as an inﬂated lava ﬂow is consistent with its observed surface morphologies, including welldeveloped lobate margins with parallel factures and topographic depressions with concentric fractures,
which are interpreted to be inﬂation clefts and lava rise pits, respectively. These structures (e.g.,
Figures 16a and 16b) are diagnostics of inﬂation within terrestrial lava ﬂows (Rossi & Gudmundsson,
1996; Walker, 1991, 2009), which makes Apf an outstanding example of lava ﬂow inﬂation on Mars.
Additionally, the interaction between Apf and Alr, forming a topographic inversion where the lava inﬂated
around a high-standing dike, is consistent with observation of inﬂation around high-standing obstacles in
the context of terrestrial pāhoehoe ﬂows. For instance, during the 1935 eruption from Mauna Loa (Jaggar,
1936a, 1936b), pāhoehoe lava encountered a stone wall made by cattle ranchers that was ~1 m high and
initially blocked and diverted the path of the lava (Figure 16c). However, as the lava inﬂated, it topographically inverted the once high-standing wall to produce a linear depression with the lava (Figures 16d and 16e),
much like the structures observed within Apf (Figures 6a, 6b, and 16f). On Earth, pāhoehoe lava is emplaced
at a low mass eruption rate compared to ʻaʻā lava (Rowland & Walker, 1990), raising the possibility that the
Hrad ﬂows were also emplaced with a relatively low local effusion rate of only a few tens of cubic meters
per second.
Pāhoehoe-like emplacement also carries important implications for the development of a hydrothermal system beneath Apf as thermal energy transferred through the molten core of the lava ﬂow would have the
potential to warm the substrate for an extended period of time and potentially create a habitable niche for
thermophile life (Cousins & Crawford, 2011; Dundas et al., 2017). If life once existed on Mars, it could have
been conﬁned to some protective niches, such as hydrothermal ﬂuids (Carrozzo et al., 2017), with salt precipitates having the potential to preserve microorganisms. For instance, terrestrial bacteria, with an age
>250 Ma, have been successfully reanimated after being preserved in salt deposits (Vreeland et al., 2000),
which are comparable to those observed by the Spirit rover in association with volcanic terrains in the
Columbia Hills region of Mars (Filiberto & Schwenzer, 2013; McAdam et al., 2008; Ruff & Farmer, 2016). This
phenomenon raises the intriguing possibility that a succession of lava ﬂows on Mars could episodically awaken thermophile bacteria preserved within older hydrothermally precipitated salts. Thus, the succession of
aqueous and inﬂated lava ﬂows within Hrad Vallis may make the region a potentially important location as
a formerly habitable environment on Mars.
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Figure 16. (a) Dark colored pāhoehoe lava erupted during the 1935 Mauna Loa ﬂow over older (prehistoric) ʻaʻā that have
weathered to a rust red color. Location is close to the Puʻu Huluhulu cone within the Saddle region of the Big Island
(Trusdell & Lockwood, 2017). (b) Lava rise pit formed where the 1935 Mauna Loa ﬂow inﬂated around a high-standing
location in the underlying ʻaʻā lava. (c) Contact between the 1935 Mauna Loa ﬂow and an older stone wall constructed from
ʻaʻā lava. (d) Linear structure produced by pāhoehoe inﬂation around the older stone wall leading to local topographic
inversion. Note in the foreground that the 1935 Mauna Loa ﬂow overtopped a portion of the stone wall, enabling the lava to
ﬂow to the other side of the topographic obstacle where it inﬂated to nearly the same ﬁnal height. A similar process is
inferred for the relationship between the Apf ﬂow and the high-standing linear ridge (Alr) shown in (f), with Apf overtopping
the SW end of Alr to from a connection from north to south within a pāhoehoe-like ﬂow. (e) Plan view aerial image
(Google Earth image acquired on 18 January 2013, centered on 19.68°E, 155.47°E) of the 1935 Mauna Loa ﬂow showing
numerous lava rise pits formed within the pāhoehoe lava ﬂow and the topographic inversion feature formed by the
inﬂation around the older stone wall. (f) Subset of HiRISE image ESP_037499_2160 showing the contact between Apf and
a NW-SW trending dike (Alr), which is expressed as a topographic depression where Apf has inﬂated above the initial
height of the ridge formed by the exposed dike. HiRISE = High Resolution Imaging Science Experiment.
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5. Conclusions
Amazonian-age ﬂow units near Hrad Vallis are attributed to a multistage emplacement history including (1)
an initial aqueous ﬂood deposit (Aps) triggered by a large intrusion beneath Hrad Fossae (Wilson & MouginisMark, 2003); (2) an episode of effusive volcanism that produced a lava rise plateau (Apf) with lava rise pits distributed throughout its interior; and (3) a series of ﬂow units (Aelt, Achp, and Ach) that were associated with
the formation of Hrad Vallis itself and are interpreted to be the product of another episode of magmatic intrusion and aqueous ﬂooding. This pattern of alternating aqueous ﬂooding and effusive volcanism is consistent
with observations of other outﬂow channel systems on Mars, such as Athabasca Valles (Burr et al., 2002;
Jaeger et al., 2007, 2010), Marte Vallis (Burr et al., 2002, 2009), Rahway and Marte Valles (Berman &
Hartmann, 2002; Fuller & Head, 2002; Morgan et al., 2013), Gjrótá Valles (Burr et al., 2002), Mangala Valles
(Keske et al., 2015; Zimbelman et al., 1992), and Kasei Valles (Dundas & Keszthelyi, 2014; Robinson &
Tanaka, 1990). In general, Amazonian-age outﬂow channels may not have been formed during a single event
but are rather the products of multiple stages of activity, alternating between aqueous ﬂooding and lava
ﬂow emplacement.
The lava ﬂows near Hrad Vallis may also have interacted with surﬁcial ice deposits, resulting in ﬂow conﬁnement and development of explosive lava-water interactions (e.g., volcanic rootless cones) and thermokast
terrains (Achc). The proposed origin of Apf as a lava ﬂow differs from previous interpretations, but if conﬁrmed by further studies, this unit may be one of the best examples of an inﬂated pāhoehoe-like ﬂow yet
found on Mars, and interactions between the lava ﬂow and near-surface ice may have generated ephemeral
hydrothermal systems with astrobiological signiﬁcance.
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