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a b s t r a c t 

The Argyre basin, one of the largest impact structures on Mars with a diameter > 1200 km, formed in the 

Early Noachian ∼3.93 Ga. The basin has collected volatiles and other material through time, and experi- 

enced partial infilling with water evident from stratigraphic sequences, crater statistics, topography, and 

geomorphology. Although volcanism has not been previously associated with the Argyre basin, our study 

of the northwest portion of the basin floor has revealed landforms suggesting volcanic and tectonic ac- 

tivity occurred including Argyre Mons, a ∼50 km wide volcanic-structure formed ∼3 Ga. Giant polygons 

with a similar surface age are also identified on terrain adjacent to the base of Argyre Mons, indicating 

the structure may have formed in a water-rich environment. In addition to Argyre Mons, cones, vents, 

mounds, dikes, and cavi or hollows, many of which are associated with extensional tectonics, are ob- 

served in the region. Multiple features appear to disrupt icy (and largely uncratered) terrain indicating a 

relatively young, Late Amazonian, formation age for at least some of the volcanic and tectonic features. 

The discovery of Argyre Mons, along with additional endogenic modification of the basin floor, suggests 

that the region has experienced episodes of volcanism over a protracted period of time. This has implica- 

tions for habitability as the basin floor has been a region of elevated heat flow coupled with liquid water, 

water ice, and accumulation of sediments of diverse provenance with ranging geochemistry, along with 

magma-water interactions. 

© 2017 Elsevier Inc. All rights reserved. 
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1. Introduction 

The Argyre basin (51 °S and 317 °E), one of the largest impact

structures on Mars with a diameter > 1200 km and depth > 4 km,

is located in the southern highlands southeast of the Tharsis mag-

matic complex ( Scott and Tanaka, 1986; Dohm et al., 2001; Tanaka

et al., 2014 ). The basin has had a complex geologic history since

its formation in the Early Noachian, estimated around 3.93 Ga

( Robbins et al., 2013 ). Stratigraphy, topography, and crater counts

indicate that there are at least five major and distinct geological
∗ Corresponding author. 

E-mail address: jpierre@mars.ucla.edu (J.-P. Williams). 
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nits emplaced within the basin, several interpreted to have re-

ulted from major environmental change and large-scale geologic

ctivity such as the development of Tharsis and the growth of

outh polar ice sheets ( Dohm et al., 2015 ). The basin has been a

ink for volatiles and other materials through time indicated by

he geologic mapping investigation of Dohm et al. (2015) , includ-

ng significant influxes of sediments and partial infilling with wa-

er. This included the formation of transient lakes, the oldest esti-

ated to approximate the extent of the Mediterranean Sea, about

.75 million km 

3 ( Dohm et al., 2015 ). The basin and its impact-

erived structures have been etched by liquid water and water-

ce ( Parker and Gorsline, 1991; Kargel and Strom, 1992; El Maarry

t al., 2013; Soare et al., 2014a,b ). Eolian activity has also played a

http://dx.doi.org/10.1016/j.icarus.2017.04.001
http://www.ScienceDirect.com
http://www.elsevier.com/locate/icarus
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icarus.2017.04.001&domain=pdf
mailto:jpierre@mars.ucla.edu
http://dx.doi.org/10.1016/j.icarus.2017.04.001
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Fig. 1. (a) Global MOLA color shaded relief map with locations of place names discussed in the text labeled. (b) Regional topography map of Argyre Planitia and (c) the 

Argyre basin floor in conic equidistant projection. Black box in (b) shows location of (c). Black boxes in (b) show locations of Figs. 2 and 9 . (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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ubstantial role in contributing to the present-day morphology of

he basin floor ( Hiesinger and Head, 2002 ). 

Volcanic activity has not been reported to have contributed sig-

ificantly to the geologic evolution of the Argyre impact structure.

cott and Tanaka (1986) mapped rock materials in the southern

ortion of the basin as ridged plains using Viking data, with one

f their interpretations being a volcanic origin. However, higher-

esolution image and topographic data are reportedly more consis-

ent with an esker hypothesis ( Kargel and Strom, 1992; Hiesinger

nd Head, 2002; Banks et al., 2009; Bernhardt et al., 2013 ). If the

idges are indeed eskers, this would mean that at least part of the

asin was occupied by a tens of meters- to possibly kilometers-

hick ice sheet with water under hydraulic pressure flowing within

r beneath it. Based on stratigraphy and counting all craters

 ≥ 3 km, Dohm et al. (2015) estimated that sedimentation asso-

iated with the eskers (the youngest stratigraphic unit) occurred

uring the Late Hesperian and possibly into the Amazonian. 

The discovery of a large ( ∼50 km diameter) feature, Argyre

ons (50.32 °S, 311.92 °E), on the floor unit of the basin ( Williams

t al., 2014 . 2016; Dohm et al., 2015 ) represents the first possible

arge-scale (tens of kilometers wide) volcanic structure presently

dentified in Argyre Planitia. The feature name, Argyre Mons, was

fficially approved by the International Astronomical Union (IAU)

orking Group for Planetary System Nomenclature shortly after its

iscovery ( Williams et al., 2014 ) and is described further in this pa-

er. The edifice rises 0.5–1 km above the surrounding basin floor.

side from a few small ridges at the southeastern margin of the

asin (such as Oceanidum Mons), Argyre Mons is the tallest feature

n the basin floor ( Fig. 1 ). The size and shape of this edifice is sim-
lar to some shield volcanoes on Mars. Additional analysis of image

nd topography data of the northwestern portion of the basin floor

n the vicinity of Argye Mons reveals a suite of spatially-associated

eatures consistent with magma-ice interaction. This includes cavi

r hollows, and maar-like craters, many of which are associated

ith extensional tectonics, and aqueous erosion indicative of melt-

ng and/or dewatering of the basin deposits. 

In this paper, we describe Argyre Mons and other volcanic and

ectonic features in the northwest portion of the basin floor. This

ndogenic activity represents a previously unrecognized aspect of

he geologic history of the basin. 

. Data and methods 

Our study of the northwest portion of Agyre Planitia included

nalysis of image, topography, and spectral data from multiple mis-

ions. Image data included individual ConTeXt Camera (CTX) im-

ges (5–6 m/pixel) ( Malin et al., 2007 ) from the Mars Reconnais-

ance Orbiter (MRO), the Mars Odyssey Thermal Emission Imaging

ystem (THEMIS) daytime near-infrared 100 m/pixel resolution mo-

aic ( Christensen et al., 2004 ), and Mars Express High Resolution

tereo Camera (HSRC) images (nominally 10–20 m/pixel) ( Jaumann

t al., 2007 ). Images from MRO’s High Resolution Imaging Sci-

nce Experiment (HiRISE) ( McEwen et al., 2007 ) of the basin floor

re limited and therefore our study primarily focused on analy-

is of CTX images, however, HiRISE images of morphologic analogs

ithin other regions of Mars were used when available. Topo-

raphic information was derived from the 128 pixel/degree grid-
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Fig. 2. MOLA color topography of Argyre Mons with the daytime THEMIS IR mosaic 

used for shading. The black line is the ground track of the topographic profile A –

A ′ across Argyre Mons in Fig. 20 . Boxes show locations of Figs. 3, 7 b, and c and 

arrows show locations of Figs. 8 a and b. See Fig. 1 for context. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 

Fig. 3. HRSC nadir channel image hc920_0 0 0 0 (25 m scaled pixel width) of Argyre 

Mons and adjacent polygons to the west. White boxes show the locations of Figs. 

4–6 and 7a. White arrow highlights channel incised into the southwest wall near 

the crest. See Fig. 2 for context. 
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ded Mars Orbiter Laser Altimeter (MOLA) ( Zuber et al., 1992; Smith

et al., 2001, 2003 ) data. All figures are displayed with north up. 

Crater counts were conducted using the Cratertools plug-in for

ESRI ArcGIS ( Kneissl et al., 2011 ) to measure crater diameters.

Absolute model ages were calculated using Craterstats ( Michael

and Neukum, 2010 ) assuming the crater chronology system of

Hartmann (2005) . 

Available Visible Near InfraRed (VNIR) hyperspectral and multi-

spectral data from the CRISM instrument were processed and ana-

lyzed to constrain terrain composition. CRISM, the spectral-imager

onboard Mars Reconnaissance Orbiter, operates in two modes. In

targeted mode, CRISM acquired hyperspectral images at 544 differ-

ent wavelengths (at 6.55 nm/channel) between 0.362 and 3.92 μm,

with a spatial resolution of 18–36 m/pixel ( Murchie et al., 2007;

2009 ). Data are acquired by two detectors, the S detector (0–1 μm)

and L detector (1–3.92 μm), and delivered as two distinct obser-

vations which have to be joined. In passive, fixed pointing mode,

CRISM provides multispectral observations at 72 wavelengths over

broader scenes; over 70% of the martian surface has been mapped

in this mode (e.g., Murchie et al., 2009 ). CRISM multispectral data

are available as pre-processed tiles of joined S and L data, at a

resolution of 10 0–20 0 m per pixel ( Murchie et al., 2007 ), whereas

CRISM hyperspectral data have to be corrected for atmospheric

and photometric artifacts and map-projected. These data were pro-

cessed with CAT (The CRISM Analysis Toolkit) v7.3.1, the software

released by the instrument team, as described in Murchie et al.

(2009) and Flahaut et al. (2012) . Summary parameters, as de-

scribed in Pelkey et al. (2007) and Viviano-Beck et al. (2014) , were

computed to infer the presence of a given mineral, which was then

verified by spectral analyses. Two CRISM multispectral tiles cover

the study area: tiles t0291 and t0361. Several CRISM observations

are only available as visible (S detector) observations, which is not

sufficient for mineralogic identification. There are no CRISM tar-

geted observations available as both S and L observations in the

study areas but nearby observations were investigated. 

3. Evidence for volcanic landforms in Argyre Planitia: 

observations and inferences 

3.1. The morphology of Argyre Mons 

Argyre Mons consists of a quasi-circular rim of high-standing

material forming a conic structure with a central, caldera-like pit

with a diameter ∼25 km and flanks extending 10–20 km ( Figs. 2

and 3 ). Steeper sloped, irregular arcuate ridges are preserved at the

crest of the north and south flanks; these are possible remnants of

a rim structure and form the highest elevations. The topography

is more subdued to the west where erosion appears to have re-

moved any expression of a rim here with an incised channel near

the crest as a result of possible collapse and/or sapping. The cen-

tral depression opens eastward creating a horseshoe-shaped crater

in planform. 

Layering is present within the walls of the central depression of

Argyre Mons with terracing, in part, responsible for the layered ap-

pearance ( Fig. 4 a). Terracing could result from differential erosion

of layered deposits of varying competency (e.g. friable ash deposits

versus more competent lava flows). Alternating layers of darker

and lighter material create banding on the walls in places which

may result from darker granular material, often forming ripples, in-

terspersed with a fractured, lighter wall rock material ( Fig. 4 b). A

mound near the center of the depression appears to be capped by

a similar, fractured, lighter toned material that lies unconformably

on more finely and distinctly layered material ( Fig. 4 c). 

A conical vent structure is observed on the north flank of Ar-

gyre Mons ( Fig. 5 ), possibly a parasitic cone. This structure, ∼5 km

in diameter, has a circular central depression ∼2 km in diameter
nd also horseshoe-shaped similar to Argyre Mons. The flanks are

urrounded by a topographic depression or moat except to the

outh where the northern margin of the flank of Argyre Mons tran-

ects the feature. Fine scale layering, most apparent around the rim

f the central depression, is fairly concentric and nearly parallel in

ome instances although in others the layers appear to be folded,

ndicating that deformation has occurred. 

Lobate contacts on the western flank of Argyre Mons are visi-

le where downslope movement of material from the summit area
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Fig. 4. Portions of CTX image G13_023463_1283_XN_51S047W. (a) Inner wall of 

south flank displaying terracing. Some terraces are covered by flows of material 

from mass wasting. (b) Portion of the wall rock of northeastern side of edifice dis- 

playing banded appearance. White arrow highlights offset in layers indicating the 

presence of a fault. (c) A mound of layered material near the center of the depres- 

sion capped by heavily fractured, lighter-toned material. See Fig. 3 for context. 
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Fig. 5. A ∼5 km diameter cone structure on the northern flank of Argyre Mons with 

distinct, deformed banding (highlighted by arrows) circumferential to the circu- 

lar summit depression (CTX image: G13_023463_1283_XN_51S047W). See Fig. 3 for 

context. 

Fig. 6. Overlapping lobate contacts (white arrows) from material that flowed down 

slope. Material is cross cut by a fault (black arrow). Faint layering is present on 

the superposed flow. Shallow circular depressions, likely remnant impact craters, 

and a possible pedestal crater (hollow arrows) indicate the surface has undergone 

deflation (CTX image: G14_023674_1285_XN_51S048W). See Fig. 3 for context. 
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erminated. Fig. 6 shows an example of two overlapping flows. Por-

ions of the flows exhibit relatively-smooth surfaces while other

arts show textured surfaces as well as faint layering. This could

e indicative of surface deflation consistent with the absence of

mpact craters with fresh morphologies, although there are numer-

us shallow circular hollows that are likely the remnants of im-

act craters or the geometric shapes of buried impact craters. A

ew possible pedestal craters are observed as exemplified in Fig. 6 .

his feature stands out in contrast to the circular hollows due to its
ositive relief and well-preserved rim around a central depression.

lternately, this could be a cone structure similar to that observed

t the base of the north flank of Argyre Mons though smaller with

 diameter ∼500 m. Northeast of this feature, a lineament, inferred

o be a fault, is also faintly visible cross-cutting the flow material

ith a lobate margin. Faults are also evident from the offset of lay-

ring within Argyre Mons (e.g. Fig. 4 b) indicating tectonism in the

egion. Ridges, some networking and with aligned mounds, such as

long the northern flank of the edifice, may have resulted from the

ntrusion of dikes and the formation of parasitic vent structures,

ith one intersecting the rim ( Fig. 7 ). Ridges interpreted to be

ikes are also observed south of Argyre Mons as aligned mounds,
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Fig. 7. (a) Ridges (black arrows) on the north rim and flank of Argyre Mons (CTX image: D14_032799_1278_XI_52S049W). See Fig. 3 for context. (b) and (c) Ridges, elongated 

depressions, and mounds (black arrows) aligned over distances of tens km (HRSC image hc920_0 0 0 0). See Fig. 2 for context. Box indicates location of (d). (d) Aligned mounds, 

some with summit depressions (CTX image: D14_032799_1278_XI_52S049W). 
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ridges, and elongated depressions. Some mounds possess summit

depressions and morphologically resemble volcanic cones indicat-

ing that fissure eruptions may have occurred along the fractures

over distances of tens km. 

3.2. Landforms around Argyre Mons 

Additional evidence for volcanism and magma/volatile inter-

action are observed within the vicinity of Argyre Mons includ-

ing many cones, pits, depressions, mounds, and erosional land-

forms indicating surface flow and headwall erosion from col-

lapse/sapping. Two smaller structures adjacent to Argyre Mons

may also be volcanic in origin (313.65 °E, 51.42 °S and 312.63 °E,

51.60 °S). These features are several km in diameter with summit

elevations ∼150 m above the surrounding basin floor ( Fig. 8 ). The

summits of the structures are broad and irregular in shape with

the feature in Fig. 8 a containing a well-developed circular pit or

depression near its center and the other in Fig. 8 b containing a

relatively sharp-crested arcuate ridge; a possible horseshoe-shaped

remnant of a summit crater similar to both Argyre Mons and the

vent structure in Fig. 5 . Deposits with lobate terminal contacts ap-

pear to originate from one of the structures and extend for several

km (white arrow in Fig. 8 a). These may be flows of volcanic or

landslide origin. Volcanic cones of similar size have been identified

in Tharsis ( Brož and Hauber, 2012 ), the Nephentes/Amethes region

( Brož and Hauber, 2013 ), Isidis Planitia ( Ghent et al., 2012 ), Ely-

sium Planitia ( Noguchi and Kurita, 2015 ), Melas Chasma ( Dohm et

al., 2009 ), and the floor of Coprates Chasma ( Hauber et al., 2015 ). 

North of Argyre Mons, numerous elongated and irregular de-

pressions, or cavi, are observed ranging in size from sub-km to tens

of km in length ( Figs. 9 and 10 ). In many cases they are aligned

with extensional faults and fractures that extend across the re-

gion, demonstrating an element of structural control in their for-

mation; some fault segments extend up to ∼100 km in length. The

cavi appear to be associated with faults and fractures which may

have provided conduits for both the migration and withdrawal of

volatiles. Many of the cavi contain mounds and ridges that appear
o be coherent rock that has remained in place during the forma-

ion of the depressions. 

A quasi-circular area ∼7 km in diameter experienced collapse

f the surface to form irregular troughs and ridges with faulting

ith a preferential southwest-northeast orientation ( Fig. 11 ). Mate-

ial flowed from the northeast side of the depression forming a de-

osit downslope that extends ∼8 km. The nature of the deposit is

nclear and may have resulted from extrusion of lava or fluidized

ebris-flow from the melting or eruption of water (lahar). Numer-

us other smaller circular pits, rimmed depressions, and rings of

aterial are observed in the area with some aligned with tectonic

eatures. Given the geologic history of the Argyre basin involving

n aqueous and ice-rich environment, it is possible these are rem-

ants of phreatic and phreatomagmatic eruptions in the form of

uff cones, tuff rings, or maars as a result of the explosive interac-

ion of magma with standing water, ground water, or permafrost

 Lorenz, 1973 , 1986; Sheridan and Wohletz, 1983 ). The two largest

andidate maars we identify in Argyre have diameters ∼5 km ( Fig.

1 d and e) with many smaller candidate maars identified within

he region. These craters lack the distinct raised rims and ejecta

lankets of impact craters and appear to have fluidized deposits or

hannels along their flanks. 

Direct evidence of lava extrusion is scarce. A candidate lava flow

s observed within the floor of a channel ( Fig. 12 a, b). The source

f the flow is unclear but appears to originate near or exterior to

he mouth of the channel and flowed east ∼10 km into the chan-

el. The flow is obscured outside of the channel by dune forms

hich bury the deposit, so its total extent is uncertain. At least

wo flows were emplaced with an underlying deposit observed to

xtend ∼2 km further up the channel beyond an overlying deposit.

he two flows form a benched topographic expression on the north

ontact where the underlying flow is not completely covered by

he subsequent flow. Aligned knobs and small cones on the sur-

ace may have resulted from the explosive interaction between the

urficial lava and near-surface water or ice in the underlying sub-

trate upon which it was deposited to form pseudocraters (or root-

ess cones). 
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Fig. 8. Examples of potential smaller volcanic structures within the vicinity of Argyre Mons (a) and (b), and morphologically similar features in other regions on Mars asso- 

ciated with volcanism (c) and (d). (a) 313.65 °E, 51.42 °S (CTX image: G12_023041_1276_XI_52S046W) and (b) 312.63 °E, 51.60 °S (CTX image: G13_023463_1283_XN_51S047W). 

See Fig. 2 for context. The diameters of the features are ∼1–2 km with elevations of ∼150 m making them similar in size to volcanic cones observed in (c) Coprates Chasma 

at 303.76 °E, 14.94 °S (HiRISE image ESP_045498_1650, 53.5 cm scaled pixel width) and (d) the pyroclastic cones identified by Brož and Hauber (2012) in Tharsis at 237.04 °E, 

5.64 °N (CTX image: P19_008262_1862_XN_06N123W). The summit of the structure in (a) has a broad ( > 1 km), irregular shape and topography with a circular pit near the 

center. Material appearing to originate from or near the structure has been deposited to the northwest where a contact remains visible (white arrow). The summit of the 

structure in (b) has a central depression that opens to the northwest with a relatively sharp rim on the southwest margin; possibly the remnant of a summit crater. Dark 

streaks result from the removal of bright dust by winds and dust devils. 

Fig. 9. MOLA topography with the THEMIS IR daytime mosaic used for shading 

showing the northwest quadrant of the Argyre basin floor north of Argyre Mons. 

Black solid lines highlight graben and dashed lines where graben are inferred from 

the alignment of features. White boxes show locations of subframes in Figs. 10 a-c, 

11a, 12a-c and 21. White arrow highlights location of headwall erosion of canyon. 

See Fig. 1 c for context. (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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Possible rootless cones (pseudocraters) elsewhere in the area

ndicate lava emplacement atop a water or ice-rich surface. Hun-

reds of circular and elliptical mounts, pitted cones, and rings are

bserved on deposits on the northwest margin of the Argyre basin

oor ( Fig. 12 c). Rootless cones result from phreatomagmetic ex-

losions as lava mechanically mixes with the water-rich substrate
orming cratered cones of ash, scoria, spatter, and lithic material

rom the underlying substrate (e.g. Thorarinsson, 1953; Thordar-

on and Höskuldsson, 2008 ). These features do not overlie volcanic

onduits rooted to a magma source, and thus are referred to as

ootless cones or pseudocraters. As the activity at a given cone

ubsides due to volatile depletion or lava supply, explosions will

ypically initiate elsewhere resulting in groups of tens to hundreds

f cones within the flow field with the spatial density indicative

f the quantity of water in the substrate at the time of cone for-

ation ( Greeley and Fagent, 2001 ). Rootless cones have been iden-

ified elsewhere on Mars (e.g. Lanagan et al., 2001; Fagents et al.,

0 02; Fagents and Thordarson, 20 07; Jaeger et al., 2007; Keszthelyi

t al., 2010 ) and their presence here indicates the basin materials

n this region may include a volcanic origin. Figs. 12 d and e show

ther examples of rootless cones we have identified in the volcanic

egions of Phlegra Dorsa and Lycus Sulci that are morphologically

imilar to the cones in Argyre. 

Additional structures within the vicinity of Argyre Mons may

e remnants of less well-preserved volcanic structures. An exam-

le of a candidate structure is shown in Fig. 13 where elevated

opography forms arcuate, ∼200 m high ridges that appear to out-

ine a possible ∼10–20 km wide caldera. Where the caldera rim is

reserved to the west and southwest, and to a lesser extent on

hat remains of an eastern rim, the flanking topography possess

 series alternating troughs and ridges spaced fairly uniformly at

1 km extending radially down slope. Other low-profile, shield-

ike, volcanoes with large summit-calderas on Mars possess dis-

ected flanks exhibiting similar radial troughs and ridges such as

adriacus Mons on the northwest rim of Hellas basin and Apolli-

aris Mons near the dichotomy boundary ( Fig. 13 ). The low slopes,

hanneled flanks, and smooth caldera floors of these volcanoes in-

icate construction involving pyroclastics possibly driven by explo-

ive water-magma interaction. The morphology of the prominent

hannels indicates formation by pyroclastic flows or lahars, with

ossible modification by subsequent fluvial or ground water sap-

ing processes (e.g. Williams et al., 2007; El Maarry et al., 2012 ). A

anyon, several km wide dissects a plateau of material north of the

aldera structure possibly resulting from ground sapping of water

nd headwall erosion indicating elevated heat flow. 
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Fig. 10. Evidence for intrusion into ice-rich regolith: (a) Mounds and ridges within cavi (black arrows) and two large ( ∼5 km diameter) candidate maars (white arrows) 

highlighted in Fig. 11 (HRSC nadir channel image: hc920_0 0 0 0). Box shows location of (d). (b) Exposed dike- and sill-like features (black arrows) within depression (CTX 

image: G15_023964_1319_XI_48S046W). (c) Layered pluton-like feature (white arrow) exposed within a ∼600 m deep depression and an elliptical, rimmed feature (black 

arrow), a possible tuff ring or maar formed by magma-water interaction (CTX images: P13_006150_1323_XN_47S048W). (d) km-scale mounds and ridges within a depression 

possibly resulting from intrusion of near-surface magma. A saddle in the southwest rim with a channel extending down slope indicates the rim was breached by liquid water 

(black arrow) (CTX image: P13_006150_1323_XN_47S048W). See Fig. 9 for context for (a–c). 
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3.3. Hydrologic features associated with Argyre Mons 

The Argyre basin floor materials have been mapped and in-

terpreted as having a general sedimentary origin by Dohm et al.

(2015) deposited under various environmental conditions from a

multitude of sources, possibly as far as Tharsis. This includes lake

formation as noted above. Additional evidence for past hydrologic

activity is observed around Argyre Mons. This includes giant poly-

gons on the west margin of Argyre Mons ( Figs. 2 and 3 ) and a 10–

20 km wide amphitheater-headed canyon on the northwest margin

of Argyre Mons ( Fig. 9 ). The steep headwall of the canyon with no

apparent dissection upstream is diagnostic of erosion by ground-

water seepage where the valley head is undermined and propa-

gates upstream ( Piere, 1980; Carr and Clow, 1981; Howard et al.,

1988; Malin and Carr, 1999; Goldspiel and Squyres, 20 0 0; Grant,

20 0 0 ). However this formation mechanism has been questioned

as some terrestrial amphitheater-headed canyons appear to require

surface runoff ( Lamb et al., 20 06, 20 07; Lapotre et al., 2016 ). Box

Canyon, Idaho, for example, appears to have eroded into coherent

basalt during a large flooding event ( Lamb et al., 2008 ). However,

the estimated amount of water needed to transport the required

sediment volumes could have been supplied hydrothermally from

volcanic intrusions ( Gulick, 1998, 2001 ). 

The giant polygons on the western margin of Argyre Mons

( Figs. 2 and 3 ) are confined to a ∼20 0 0 km 

2 relatively flat area

with an elevation ∼−2600 m. The polygon troughs persist to ele-

vations ∼150 m below the plateau at the edges indicating the ap-

proximate depth of the troughs. The original extent of the poly-

gons is unclear but their restricted elevation implies they formed

within a particular stratigraphic horizon within the basin deposits

and do not extend up the flank of Argyre Mons. The polygons are

highly irregular and angular in shape ranging in size ∼1–10 km

with rounded, convex, bounding trough walls. Trough widths vary

with the larger troughs ∼500 m wide. Kilometer-scale polygons

D  
ave been observed in several locations within the northern low-

ands with major occurrences in Acidalia Planitia, Chryse Planitia,

topia Planitia, and Arcadia Planitia ( Oehler, 2014 and references

herein). The origin of giant polygons is debated, although the sug-

ested mechanisms for their formation generally involve water, ei-

her as ice, water-rich sedimentation, or standing bodies of wa-

er (e.g. Pechmann, 1980; McGill, 1986; Hiesinger and Head, 20 0 0;

ane and Christensen, 20 0 0; Cooke et al., 2011; Buczkowski et al.,

012; Oehler and Allen, 2012; Moscardelli et al., 2012 ). The obser-

ation of kilometer-scale polygonal fault systems in terrestrial off-

hore sedimentary basins in 3-D seismic data provides a terrestrial

nalog within a marine environment. The geomorphological sim-

larities with giant polygons on Mars have led to the suggestion

hat the polygons in the northern lowlands on Mars are evidence

or the existence of a large body of water or ocean ( Moscardelli

t al., 2012; Oehler and Allen, 2012; Allen et al., 2013 ). The onset

f polygonal terrain occurring at similar elevations within Utopia

asin ( Hiesinger and Head, 20 0 0 ) suggests a correspondence to an

quipotential surface consistent with formation being related to a

ody of liquid water. 

.4. Crater counts 

Crater counts were conducted on the flanks of Argyre Mons

nd the polygons ( Fig. 14 ). Overlapping model ages of ∼3 Ga (con-

idering statistical uncertainties noted in Fig. 14 b) is obtained for

oth surfaces using the Hartmann chronology system ( Hartmann,

005 ) not only indicating that the formation of the polygons and

rgyre Mons may have been contemporaneous, but also occurred

ithin the time range of the Late Hesperian-Early Amazonian lake

ypothesized by Dohm et al. (2015) as discussed above. Dohm

t al. (2015) compiled crater statistics to evaluate the formation

nd modification ages of the Argyre rock units using craters with

 > 3 km. The total crater population of the youngest basin unit
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Fig. 11. Landforms indicative of intrusion into ice-rich regolith north of Argyre Mons (a–e) and terrestrial analogs (f–h). (a) A region with southwest-northeast 

trending faults, depressions, mounds, and ringed pits formed by tectonically controlled intrusion into the near-surface. (CTX images: P19_008510_1329_XI_47S049W, 

P16_007218_1335_XN_46S049W). Material appears to have flowed northeast down slope from this region (extent of deposit indicated by white arrows). Boxes are loca- 

tions of (b) and (c). See Fig. 9 for context. (b) Portions of (a) showing elongated irregular depressions or troughs and densely faulted ridges and (c) examples of rings of 

material possibly resulting from hydrovolcanic eruptions (CTX image: B11_013903_1307_XN_4 9S04 8W). (d) A possible maar intersected by a graben. The crater is ∼5 km 

in diameter. Braided deposits are visible on the southwest flank indicating possible extrusion of fluidized material (CTX image: P13_006150_1323_1323_XN_47S048W. (e) 

Maar-like feature ∼5 km in diameter. Lobate deposits are apparent on the southern flank indicating material flowed downslope from the rim (HRSC nadir channel image: 

hc920_0 0 0 0). See Fig. 10 a for context of (d–e). (f) The Pinacate volcanic field, Sonora, Mexico containing hundreds of cinder cones and eight maars (113.4 °W, 31.9 °N). The 

two larger features (white arrows) are the tuff cone of Cerro Colorado (left) and the maar Crater Elegante (right) (portion of image ISS009-E-5944 courtesy of the Earth 

Science and Remote Sensing Unit, NASA Johnson Space Center, http://eol.jsc.nasa.gov ). (g) Aerial photo of the phreatomagmatic eruption in 1977 that formed the East Maar 

of the Ukinrek Maars in Alaska (156.51 °W, 57.83 °N) ( Kienle et al., 1980; Self et al., 1980 ; image courtesy of Juergen Kienle). The maar has a diameter of 300 m. The smaller 

West Maar, which formed first, is visible in the foreground. (h) Menan Buttes tuff cones in southeast Idaho (111.97 °W, 43.77 °N). Black line: ground track of topographic 

profile D – D ′ in Fig. 20 . (Portion of Earth Observing One (EO-1), Middleton et al., 2013, image: EO1A0390292010268110KF_B01). 
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HAb4a), which included partly buried, degraded, and pristine im-

act craters, yielded a model age of ∼3.5 Ga. Some of these im-

act craters could represent older basin units with rims protrud-

ng through the younger basin deposits. The pristine craters with

istinct rims and ejecta blankets, and lacking visible evidence for

esurfacing, produced a model age of ∼1.3 Ga. This indicates a pe-

iod of major resurfacing occurred during the Middle and Late

mazonian epochs that included significant influxes of sediments

nd partial infilling with water including the formation of lakes.

he ∼3 Ga model crater-retention age of the flanks of Argyre Mons

nd the adjacent giant polygons place the formation within this

eriod. Many of the superposed craters are highly degraded with

 significant deficit of craters D � 300 m. The presence of several
 l  
edestal craters indicates the surfaces have experienced deflation.

 severe lack of craters with a fresh appearance at any size implies

odification of the surface has persisted to at least the recent past.

.5. Spectral observations 

Most of the flat floor of Argyre is characterized by spectrally

land signatures. This effect could be due to its topography, which

s prone to the accumulation of dust (only a few microns would

ask potential surface signatures), but also to the low elevation

nd high latitude of the Argyre basin. Indeed, Argyre basin is par-

icularly affected by high aerosol opacity (longer atmospheric path

ength) and surface frosts (CO and H O), making the investigation
2 2 

http://eol.jsc.nasa.gov
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Fig. 12. (a) Extrusive deposit within a channel north of Argyre Mons (CTX image: D14_032799_1278_XI_52S049W). See Fig. 9 for context. White arrow highlights an older 

deposit and the black box is the location of (b) showing mounds and cones on the surface of the flow. (c) Circular and irregular rings, mounds, and pitted cones. See Fig. 

9 for context. These (possible) pseudocraters, result from the emplacement of lava flows on a water-rich substrate and are found in other areas of Mars associated with 

volcanism such as the Phlegra Dorsa region (d) and the Lycus Sulci region (e) (CTX image: P13_006150_1323_XN_47S048W). (d) Example of possible pseudocraters on lava 

flows in the Phlegra Dorsa region at 172.46 °E, 26.07 °N (CTX image B21_017679_2060_XN_26N187W). (e) Example of possible pseudocraters on lava flows in the Lycus Sulci 

region north of Olympus Mons at 225.10 °E, 34.45 °N (CTX image B21_017679_2060_XN_26N187W). See Fig. 1 a for context. 
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of its surface composition difficult (e.g., Carter et al., 2013 ). With

this consideration, CRISM spectral signatures indicate the presence

of mafics, especially olivine, in the mountains located along the

northwest margin of the basin floor ( Fig. 15 ). These spectral sig-

natures could indicate volcanic materials that were deposited from

either wind or water from local or more distant provenances (e.g.,

Tharsis), or emplaced by local volcanism consistent with other

lines of evidences discussed in this work. Alternatively, these de-

tections could also represent ejected material from Argyre accumu-

lated in the basin inner rings (e.g., Ody et al., 2013 ). A spectrally

distinct material (possibly olivine or phyllosilicates from the high

OLindex values) is suggested from the multispectral dataset within

Argyre Mons, but the spectral resolution is too limited for a defini-

tive mineral identification. This detection would coincide with the

layers shown on Fig. 4 . 

4. Discussion 

4.1. Origin of Argyre Mons 

Volcanic landforms are abundant on Mars and display a diver-

sity of constructional styles and sizes from the largest Olympus

Mons shield structure (diameter ∼600 km), to sub-kilometer scale

pits and cones (e.g. Hodges and Moore, 1994; Farrand et al., 2005;

Brož and Hauber, 2012 ). Given the overall size and physiography of
rgyre Mons, along with other evidence for volcanism and magma-

olatile interaction in the vicinity, we interpret the feature to be a

emnant volcanic construct. Jovis Tholus (18.41 °N, 242.59 °E) pro-

ides an example of a shield structure ( Plescia, 1994; Robbins et

l., 2011 ) of comparable vertical and horizontal dimensions with a

omplex caldera structure similar in scale to the central depression

f Argyre Mons ( Fig. 16 ). Robbins et al. (2011) identified seven dis-

inct, nested calderas with modeled surface ages based on crater

ounts ranging from 400 Ma to over 2 Ga. The relatively large size

f the caldera complex relative to the total shield diameter is in-

erpreted by Plescia (1994) to results from relatively large magma

hambers at shallow depth. 

Morphologically, Argyre Mons resembles other volcanic features

lsewhere in the solar system. For example, the Ngorongoro Crater

n the Arusha province of northern Tanzania is a volcanic shield

tructure and caldera of comparable size to Argyre Mons and is

ne of nine Plio-Pleistocene volcanoes that comprise the Ngoron-

oro Volcanic Highlands (NVH) complex of the East African Rift

ystem ( Fig. 17 a). The 40 Ar/ 39 Ar ages constrain Ngorongoro volcan-

sm to 2.25 ± 0.02 Ma to 2.01 ± 0.02 Ma ( Mollel et al., 2008 ), and

eochemical and geophysical evidence suggests the volcanism of

he complex is attributable to one or more mantle plumes (Mechie

t al., 1997; Ebinger and Sleep, 1998; Rogers et al., 20 0 0; Mollel et

l., 2008 ). 
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Fig. 13. (a) MOLA color topography with the daytime THEMIS IR mosaic used for shading showing a possible remnant of a volcanic edifice with irregular caldera and 

alternating ridges and gullies creating a ribbed texture on the flanks. The location of (a) is shown in Fig. 9 . Box shows location of (b) and the ground track of topographic 

profile A – A ′ in (c). White arrow points to the headwall of a channel etched into the plateau. (b) Western flank of candidate volcano highlighting alternating ridge and 

trough topography. Ridges are spaced ∼1 km apart. (CTX image: G15_023964_1319_XI_48S046W). (c) Topographic profile across feature in (a). (d) Hadriacus Mons and (e) 

Apollinaris Mons (THEMIS daytime mosaic). See Fig. 1 a for context. Box shows location of (f). (f) Alternating ridge and trough morphology on fan of Apollinaris Mons (CTX 

image: P02_001988_1709_XI_09S185W). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

 

a  

a  

o  

c  

p  

c  

h  

m  

c  

v

 

o  

p  

c  

i  

t  

b  

(

 

t  
Doom Mons on Saturn’s moon Titan ( Fig. 17 b), ∼70 km in di-

meter and 1.45 ± 0.2 km high, is similar in size to Argyre Mons

nd has been interpreted as possibly an eroded cryovolcanic shield

r dome ( Lopes et al., 2013 ) providing an additional morphologi-

al analog. The mountain is adjacent to Sotra Patera, an elongated

it ∼30 km in diameter and 1.7 ± 0.2 km deep. The morphologi-

al similarities between cryovolcanic and basaltic volcanic features

ave been explained by Kargel et al. (1991) as due to cryovolcanic

ixtures such as ammonia-water behaving much as basaltic vol-

anism does on Earth, with comparable construction of low-profile
olcanic shields and other constructional volcanoes and flow fields. i  
Mt. Sidley in Antarctica has parasitic vents near the margin

f its southern flank and layered pyroclastic and sedimentary de-

osits, including finely-bedded epiclastic and hyaloclastic deposits

ontaining pumice-rich layers. Mt Sidley is thought to have formed

n sub-ice conditions and experienced an explosive proximal erup-

ion and catastrophic landslide of its southern flank to form a large

reached caldera exposing the volcanic strata within its interior

 Panter et al., 1994 ) ( Fig. 17 c). 

Sub-ice volcanism for Argyre Mons would be consistent with

he geologic mapping investigation of Dohm et al. (2015) show-

ng that the youngest basin unit (unit HAb4a) posses esker-like
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Fig. 14. (a) Crater count areas on the flanks of Argyre Mons (blue: 1033 km 

2 ) and area of giant polygons (orange: 1574 km 

2 ) with the measured craters outlined in red. (b) 

Cumulative crater-size frequency distribution of craters on the flanks of Argyre Mons (blue) and the giant polygons (orange). Absolute model ages are estimated using crater 

diameter ranges 0.35 – 2 km (orange) and 0.45 – 2 km (blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 

Fig. 15. RGB composite of CRISM summary parameters (R = OL index, G = LCP in- 

dex, B = HCP index) of multispectral tiles 0291, 0292 and 0361 projected in trans- 

parency over the THEMIS IR day mosaic. Olivine detections are highlighted in red. 

The white arrow points at the location of putative olivine or clay detections within 

Argyre Mons, which have to be confirmed with hyperspectral observations. (For in- 

terpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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ridges indicative of ice deposits ( Hiesinger and Head, 2002; Kargel,

20 04; Banks et al., 20 09 ). The estimated absolute range of forma-

tion ages for this unit is ∼3.5 to ∼1.3 Ga based on crater counts

that included partially buried craters and only pristine superposed

craters respectively. This overlaps with the ∼3 Ga estimated age for

Argyre Mons and the adjacent giant polygons ( Section 3.5 ). If the

giant polygons in fact indicate substantial liquid water or ice, their

discovery within Argyre basin has implications for its geologic his-

tory and would bolster the hypothesis that the basin contained a

lake or ice sheet at some point in its past ( Dohm et al. 2015 ). If

a transient lake resulted from Tharsis-driven activity, as hypothe-

sized by Dohm et al. (2015) , then the lake may have frozen with
ubsequent formation of Argyre Mons in an ice body, and thus ex-

laining the morphologic expression which compares to Mt Sidley

hat developed in an ice sheet in the Antarctic. 

Tanaka (20 0 0) mapped much of the floor of Argyre basin as

tched plains deposits and attributed its etched appearance, pri-

arily east of the area studied here, to eolian deflation of fine-

rained, poorly indurated material. Kerber et al. (2012) concluded

hat floor materials were not likely derived from volcanism, as sug-

ested for several other occurrences of friable deposits on Mars be-

ieved to result from volcanic ash fall (e.g. Grant and Schultz, 1990;

oore, 1990; Grant et al., 2010 ). This conclusion was based on the

esults of modeling pyroclastic airfall dispersal which did not sug-

est Argyre to be a likely place for pyroclastic deposits. Volcanism

t and around Argyre Mons, however, would provide a local source

or volcanically derived materials, making pyroclastic deposits a

iable candidate for the source of the etched terrains within the

asin. 

The observation of other possible volcanic features and other

andforms indicative of endogenic modification of the basin floor

aterials supports a volcanic interpretation for Argyre Mons. The

umerous cavi, pits and rimmed depressions have morphologic

imilarities to volcanic features on Earth and elsewhere on Mars.

aults and collapse depressions are associated with volcanism and

re especially prevalent in the Tharsis and surrounding regions

elated to the development of the prominent magmatic center

f activity. Examples include structurally-controlled elongated de-

ressions in the Tempe Terra plateau ( Scott and Dohm, 1990 ),

tructurally-controlled collapse features and channels in the Thau-

asia region ( Dohm et al., 2001 ), and widely distributed pit crater

hains on Tharsis ( Wyrrick et al., 2004; Ferrill et al., 2004 ). Mem-

onia and Sirenum faults extend from Tharsis and cut the large

orth-trending basins of Terra Sirenum, many of which accompany

ollapse depressions and valley networks, as well as source Man-

ala Valles ( Anderson et al., 2016 ). Such activity, which resulted

n the formation of Mangala Valles, may have included the em-

lacement of dikes which breached the cryosphere and released

onfined groundwater ( Head and Wilson, 2002; Wilson and Head,

002 ). 

Many of the rocky mounds and ridges observed within the

avi ( Section 3.2 ) have a layered appearance or are coarsely ter-

aced with distinctly-flat surfaces or ridges ( Fig. 10 b, c), simi-

ar to the layered intrusions and flood basalts proposed to com-

rise the wall rocks of Valles Marineris ( McEwen et al., 1999 ;
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Fig. 16. (a) THEMIS IR daytime mosaic of Jovis Tholis and perspective views of the THEMIS mosaic draped on MOLA topography of (b) Argyre Mons looking west and (c) 

Jovis Tholis looking east at the same scale. The black line and label is the ground track of the topographic profile B – B ′ across Jovis Tholis in Fig. 20 . Location of Jovis Tholus 

and Argyre Mons shown in Fig. 1 a. 

Fig. 17. (a) Shuttle Radar Topography Mission (SRTM) ( Slater et al., 2006; Farr et al., 2007 ) version 2 DEM at 3 arc second resolution of the Ngorongoro Volcanic Highlands 

complex, Tanzania (3.20 °S, 35.46 °E). Ngorongoro Crater is a ∼20 km wide, well preserved caldera ( ∼ 2 Ma). Black line: ground track and label of topographic profile in Fig. 

20 . (b) Cassini Synthetic Aperture Radar derived DTM of the Dom Mons and Soltra Patera region ( Lopes et al., 2013 ). (c) Portion of USGS Landsat Image Mosaic of Antarctica 

(LIMA) Natural Color Pan derived from Landsat 7ETM + bands 3, 2, and 1 of Mt Sidley, Antarctica. 
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Williams et al., 2003 ); they could be exposed intrusive-bodies (plu-

tons, dikes and sills) or deposits resulting from phreatomagmatic

eruptions. The southwest rim of one of the larger cavi appears to

have been breached by liquid water as it is notched with a channel

extending down its exterior flank ( Fig. 10 d), indicating that melt-

ing played a role in the cavi formation. The adjacent large mound,

with a basal diameter of ∼2 km and extending ∼0.5 km above the

depression floor, could be a remnant intrusive body resulting from

magma that intruded into and destabilized the overlying icy ter-

rain resulting in the formation of the cavi. 

Other pits, cones, and rings of material may be analogous to

tuff cones and maars ( Fig. 11 d and e). On Earth, maars are broad,

low-rimmed hydrovolcanic craters with deposits that may contain

little or no magmatic material. Pits and graben on Alba Patera have

been interpreted to be maars ( Mège and Masson, 1996 ) but gener-

ally there has been a lack of identification of maars on Mars. 

The Pinacate volcanic field in Mexico provides an example of

a concentration of cones and maars ( Gutmann, 2002 ). Among the

principal features of this region are Cerro Colorado, an elongated

1–3 km tuff cone, and Elegante crater, a 1.6 km wide maar ( Fig.

11 f). The largest known maars on Earth, the Espenberg Maars on

the Seward Peninsula in northwest Alaska, are 4–8 km in diameter

and resulted from a series of basaltic eruptions through thick per-

mafrost ( Begét et al., 1996 ). The explosive eruptions, resulting from

the contact between the magma and the small amount of melt-

derived water, excavated ∼300 m deep craters. The phreatomag-

matic eruptions that formed the Ukinrek Maars in Alaska in 1977

were observed and documented with intense phreatomagmatic ac-

tivity lasting several days ( Fig. 11 g) ( Kienle et al., 1980; Self et al.,

1980 ). Two of the largest terrestrial volcanic tuff cones, the Menan

Buttes in the Snake River Plain of southeast Idaho ( Fig. 11 h), are

part of a late-Pleistocene complex of basaltic tuff cones ( Hughes et

al., 1999 ) formed by a basaltic dike intruding into shallow water-

saturated alluvium forming cones of lapilli-size particles of vol-

canic glass altered by water ( Hamilton and Myers, 1963; Russell

and Brisbin, 1990 ). They reach an elevation ∼250 m above the sur-

rounding plains with base diameters ∼4 km in the widest dimen-

sions. Tuff rings and cones have been tentatively identified in the

Amenthes region of Mars ( Brož and Hauber, 2013 ) with the larger

cones of similar scale to the Menan Buttes. 

Could some of these features, including Argyre Mons, alter-

nately have formed as a result of a non-volcanic process? The

water-rich, depositional history of the basin makes mud volcan-

ism an attractive formation hypothesis ( Dohm et al., 2015 ). Pitted

cones, rings, and mounds can be generated through mud volcan-

ism or the formation of ice mounds and pingos. Fluid expulsion

in compacting deposits has been recognized to form volcano-like

mounds in terrestrial sedimentary basins, both onshore and off-

shore ( Dimitrov, 2002; Kholodov, 2002; Kopf, 2002; Evans et al.,

20 08; Mazzini, 20 09; Bonini and Mazzarini, 2010; Bonini, 2012 ).

Pore fluid pressure builds when the pressure cannot dissipate ade-

quately through the sediment and can be focused through fractures

or zones of enhanced permeability to breach the capping layer. The

extrusion of fluid and entrained sediments can result in a cone-

shaped edifice, or mud volcano. Such a formation mechanism has

been proposed for many of the mounds observed in the lowlands

of Mars ( Tanaka, 1997; Ferrand et al., 2005; Skinner and Mazzini,

2009; Oehler and Allen, 2010; Pondrelli et al., 2011; Komatsu et al.,

2011; Allen et al., 2013 ) and within Valles Marineris ( Okubo, 2016 ).

Mud volcanism has also been associated with kilometer-scale poly-

gons in the northern lowlands of Mars and off-shore sedimentary

basins on Earth ( McGowan, 2009, 2011; Allen et al., 2013 ). 

Argyre Mons is significantly larger than other candidate mud

volcanoes observed on Mars or any mud volcanoes identified on

Earth ( Fig. 18 ). The Touragai Mud volcano in eastern Azerbaijan

is considered to be one of the largest onshore mud volcanoes,
ith an estimated 343 million cubic meters of mud breccia reach-

ng a diameter between 2900 and 3200 m and a height of 500 m

 Mazzini, 2009; Bonini, 2012 ), though mud volcanoes are typically

uch smaller than this. Argyre Mons by comparison is an order-of-

agnitude wider making it an unlikely candidate to be the result

f mud volcanism due to its sheer size and the required volume of

edimentary fine material. 

Mud volcanism remains a reasonable possibility for the small

ones and domical features observed north of Argyre Mons near

he basin margin as discussed in Section 3.2 and highlighted in

ig. 12 . Alternately, the formation of ice mounds and pingos can

esult in features with similar morphologies. Pingos form through

he injection and freezing of pressurized water. As an ice mound

rows, the surface ruptures over the ice core. The exposed ice can

elt or sublime forming pits at or near the summit generating a

orphology that can be similar to rootless cones ( Flemal, 1976 ).

andidate pingos have been identified in several locations on Mars

e.g. Dundas et al., 2008; Burr et al., 2009; Dundas and McEwen,

010; Soare et al., 2013 ) including areas around the Argyre basin

im ( Soare et al., 2014a ). 

Image resolution is a limiting factor in distinguishing the nature

f these features and thus their interpretation is equivocal. Root-

ess cones, mud volcanism, and pingo formation all indicate the

resence of surface or near-surface water and contributes to the

ypothesis that Argyre basin experienced extensive hydrologic ac-

ivity through time, albeit likely punctuated ( Hiesinger and Head,

002; Soare et al., 2014a; Dohm et al., 2015 ). 

An additional hypothesis for Argyre Mons is that rather than

eing a constructional feature, it is the result of an impact or a

emnant erosional feature. The irregular, horseshoe-like shape of

he edifice could be partly due to differential erosion or the re-

ult of formation from an oblique impact. Fig. 19 shows an un-

amed crater north of Hellas basin with a similar width to the

entral depression of Argyre Mons. The high relief of the flanks

nd rim around the central depression of Argyre Mons would re-

uire � 500 m of deflation of the surrounding basin floor rela-

ive to the rim structure if it initially had a similar topographic

xpression as the elliptical crater as seen in the topographic pro-

les shown in Fig. 20 . If the rim of the feature represents the ap-

roximate elevation of the basin floor surface at the time of an

mpact, i.e. the basin floor was ∼500 m higher than the present-

ay level; this would require a removal of ∼3.8 × 10 14 m 

3 of ma-

erial from the basin interior. Eolian activity on the basin floor is

vident with deflation and accumulation of dunes modifying the

asin floor ( Hiesinger and Head, 2002; Dohm et al., 2015 ); how-

ver evidence for the erosion and transport of such a large volume

f material has not been reported. 

.2. Timing of endogenic activity 

The region north of Argyre Mons containing the cavi and other

ectonic and volcanic features ( Figs. 10–12 ) has a near absence

f craters indicating the current rate of deflation or modification

f the surface must be rapid relative to the production rate of

raters. The lack of craters precludes the determination of any

odel crater-retention age, however the preservation of the mor-

hology of the cavi and other volcanic features despite a resurfac-

ng rate that must be rapid relative to the formation rate of craters,

mplies these features must be relatively young. Resurfacing from

he redistribution of polar ices resulting from the quasi-periodic

ariations in spin-axis obliquity ( Laskar et al., 2004 ), could have

ngendered the atmospheric precipitation of ice/snow, the high

o mid-latitudinal deposition and accumulation of ice/snow at the

urface, and the formation of a meters- to decameters-thick man-

le ( Mustard et al., 2001; Head et al., 2003 ). Periglacial terrain has

een reported in other parts of the Argyre basin above the floor
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Fig. 18. Examples of mud volcanoes in Acidalia Planitia, Mars (a-b) and Azerbaijan, Earth (c-d). (a) Portions of CTX images B21_017950_2211_XN_41N026W and 

P19_008522_2211_XN_41N027W centered on 332.8 °E, 40.6 °N. (b) Portion of CTX image B21_017950_2211_XN_41N026W. (c) SRTM version 2 DEM at 3 arc second reso- 

lution of east Azerbaijan (lat: 40.05 °N to 40.25 °N, lon: 49.20 °E to 49.45 °E). Black arrows show locations of mud volcanoes. Black line shows ground track and label of 

topographic profile E – E ′ in Fig. 20 . (d) Portion of LANDSAT 8 [Irons et al., 2012] Operational Land Imager (OLI) panchromatic (band 8) image LC81660322013145LGN00 of 

Touragai, one of the largest terrestrial mud volcanoes. 

Fig. 19. THEMIS IR daytime mosaic of an unnamed elliptical crater (54.7 °E, 21.1 °S). 

Black line: ground track and label of topographic profile F – F ′ in Fig. 20 . 
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 Soare et al., 2014a,b, 2017 ) and we observe glacial-like landforms

n the flanks of mountains located along the northwest margin

f the basin floor indicating ice at or near the surface and high-

ight recent atmospheric deposition of ice in the region ( Fig. 21 ).
lacier-like landforms, concentrated at mid-latitudes on Mars, are

emnants of Late Amazonian Epoch ice ages ( Head et al., 2003;

ouness et al., 2012; Hubbard et al., 2014 ). Prior to 5 Ma, Mars is

hought to have experienced a period of high (mean-polar) sum-

er insolation; with an average obliquity of ∼36 °, this could have

esulted in widespread glaciation at lower latitudes. If the observed

urface in Argyre is a remnant of an icy mantle from a recent past

bliquity excursion, its disruption by extensional tectonics and col-

apse by thermal destabilization to form cavi and explosive crater-

ng (maars) by the near-surface intrusion of magma, would have

ccurred recently (several Myrs or less). Endogenic activity within

he basin floor may therefore have been long lived, extending from

he Late Hesperian/Early Amazonian with the construction of Ar-

yre Mons, to the formation of the cavi, faults, and other volcano-

ectonic features that disrupted possible icy surfaces related to re-

ent obliquity excursions. 

.3. Implications for astrobiology 

Evidence for volcanism within the floor of Argyre basin, coupled

ith the basin’s water-rich past, makes Argyre a site of enhanced

strobiological significance ( Fairén et al., 2016 ) as the combination

f crustal materials (including possible feldspathic and felsic base-

ent materials ( Wray et al., 2013; Sautter et al., 2015 )) derived

rom far-reaching provenances, basaltic volcanic materials, liquid

ater, and hydrothermal activity resulting from volcano-ice inter-

ction can potentially provide all the necessary ingredients for life.

his suggests that the nearly 4 billion year old Argyre basin might

ave been a suitable region for the origin and early evolution of

ife at a time when Mars was still a water-rich planet. However,
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Fig. 20. Elevation profiles of Argyre Mons and possible analogs with reference figures labeled. 
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even if life did not originate independently in the region or any-

where else on Mars, microbes would have found habitable con-

ditions in the Argyre basin if they arrived per asteroid exchange

from Earth during the late heavy bombardment. This extensive re-

gion with a diameter > 1200 km and a depth > 4 km would have

provided a diverse range of potential habitats with the presence of

stable liquid water, and a continuum of geochemical and thermal

gradients. 

As Mars became colder and dryer through subsequent time pe-

riods, volcanism and magmatism could have maintained habitable

conditions in the Argyre basin, at least in some locations, and may

have represented one of the final outposts for ecosystem develop-

ment on Mars. The existence of aquatic habitats in different places

on Mars during the Noachian and into the Hesperian, up to 3 Gyr

ago, is well established (see i.e., Fairén, 2010; Fairén et al., 2010;

Dohm et al., 2011 ) and environmental conditions during the Ama-

zonian have been historically regarded as too arid to support life.

However, our investigation presented here support that magma-

ice interactions occurred in the relatively recent past, as suggested

by the relatively pristine appearance of cavi, possible maars and

dikes, and other endogenically derived features north of Argyre
ons, coupled with a general lack of superposed craters. The in-

rusion of magma at the basal ice-substrate contact would have

eated and melted the globally-continuous cryosphere and possi-

le remaining glacial deposits, promoting the destabilization of the

hick permafrost and the fracturing of the surface, allowing the re-

ease of pressurized groundwater in multiple phases. The melt wa-

er released from the glacier could have formed jökulhlaups and

eposited sediments and ice across sandur plains. 

The combination of subglacial lava flows (geothermal heat) and

hick permafrost (source of liquid water) would have created sub-

erial and subsurface environments suitable for life development,

s is observed from analog sites on Earth ( Skidmore et al., 20 0 0;

jörnsson, 2003; Gilichinsky et al., 2004; Cousin and Crawford,

011 ). These sites include subglacial caldera lakes (above the vol-

anic caldera but beneath the glacier surface), ice cave networks

when the meltwater is released at the edge of the glacier), or

he subglacial basaltic lava edifice itself. The interaction between

eothermal heat flow and an overlying cryosphere is conducive

o the generation of hydrothermal systems ( Schulze-Makuch et al.,

007 ), and meltwater cycles through the basaltic edifice and mixes

ith hydrothermal fluids. The usual inhabitants of these environ-
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Fig. 21. (a) Portion of CTX image P13_006150_1323_XN_47S048W showing a 

glacier-like feature on the flank of a mountain at the margin of the Argyre basin 

floor. Black boxes are locations of image enlargements of subframes (b) and (c). See 

Fig. 9 for context. (b) Glacier surface at a gully entrant. Gully formation in the head- 

wall appears to influence the orientation of the crevasses where they are longitudi- 

nally oriented, indicating lateral expansion, and transition to transverse orientations 

at increasing distance from the gullies. (c) Glacier surface showing longitudinal and 

splay crevasses and the terminus marked with a moraine comprised of a dense ac- 

cumulation of large boulders. 
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ents are chemotrophic microbial communities tolerant of olig-

trophic conditions, low temperatures and high pressures, exploit-

ng the cold basaltic and hydrothermal settings and using sulfide,

ulfur or hydrogen as electron donors, and oxygen, sulfate or CO 2 

s electron acceptors ( Gaidos et al., 2009) . 

Mud volcanism might have also occurred in the Argyre basin,

ossibly associated with hydrothermal systems, providing an in-
riguing site for a future lander or rover mission, as a means to ac-

ess the subsurface and possibly sample fossilized microbes. Ana-

og sites from Earth indicate that mud volcanism is often asso-

iated with microbial life ( Yakimov et al., 2002 ; Mahaney et al.,

004; Niemann et al., 2006; Schulze-Makuch et al., 2011 ). 

The apparent contemporaneous age and location of giant poly-

ons and a sizeable volcanic feature provided the possibility for

teep thermal and geochemical gradients involving the presence

f liquid water in Argyre and possible continued magma-ice in-

eractions would have provided an oasis for life in an otherwise

esiccated planet, relying on particular local geological conditions

ithout the need to invoke global events such as variations in or-

ital parameters ( Forget et al., 2006 ). Therefore, local conditions at

rgyre could have significantly expanded the martian habitability

indow beyond the Hesperian period, and this window of habit-

bility might have closed relatively recently, or may still be open,

roviding the possibility to retrieve extant life. We suggest that

he search for relatively recent aqueous environments at Argyre as

epositories of possible evidence of martian life should be a prior-

ty target for the further astrobiological exploration of Mars ( Fairén

t al., 2016 ). 

. Conclusions 

We have identified numerous landforms that suggest that past

olcanic, tectonic, and hydrologic activity occurred within the floor

f the Argyre basin. This study focused on the most prominent fea-

ure, Argyre Mons, a ∼50 km wide structure, and the adjacent ter-

ain in the northwest portion of the basin floor. Based on the mor-

hology and size of Argyre Mons, we conclude that it is likely a de-

raded shield structure. This interpretation is strengthened by the

bservations of additional features with morphologies suggestive

f volcanism and tectonism within the region. How widespread

he volcanic active was throughout the basin remains unclear. The

ize-frequency distribution of craters superposed on Argyre Mons

ields a model age ∼3 Ga. However, the relatively pristine appear-

nce of cavi, possible maars, and other endogenically derived fea-

ures north of Argyre Mons, coupled with a general lack of super-

osed craters, implies magma-ice interaction occurred in the rela-

ively recent past suggesting that volcanism has persisted in Argyre

lanitia over an extended period of time. 

These observations represent a previously unrecognized aspect

f the geologic history of the basin and the accumulated material

ithin the basin, at least 2 km in thickness ( Dohm et al., 2015 ),

s likely composed partially of material of volcanic origin. Like the

ong-lived volcanic centers of Elysium, Tharsis, and the region that

traddles them, which includes Late Amazonian activity ( Dohm et

l., 2008 ), Argyre may have also been a center of volcanic activ-

ty initiating at least as far back as the Early Amazonian and con-

inuing up until very recent time. This may have been obscured

y the fact that volcanism has had to compete with deposition,

laciations, and other geologic processes which have occurred with

reater intensity within a large basin that has been a sink for sed-

ments and volatiles during extended time periods. 
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