
Icarus 309 (2018) 69–83 

Contents lists available at ScienceDirect 

Icarus 

journal homepage: www.elsevier.com/locate/icarus 

Formation and degradation of chaotic terrain in the Galaxias regions 

of Mars: implications for near-surface storage of ice 

Colman Gallagher a , b , ∗, Matt Balme 

c , Richard Soare 

d , Susan J. Conway 

e 

a UCD School of Geography, Belfield, Dublin 4, Ireland. D04 V1W8 
b UCD Earth Institute, Belfield, Dublin 4, Ireland 
c Department of Physical Sciences, The Open University, Milton Keynes, UK 
d Department of Geography, Dawson College, Montreal, Canada 
e Laboratoire de Planétologie et Géodynamique de Nantes UMR-CNRS 6112, 2 rue de la Houssinière, BP 92208, 44322 NANTES Cedex 3, France 

a r t i c l e i n f o 

Article history: 

Received 11 August 2017 

Revised 22 February 2018 

Accepted 2 March 2018 

Available online 5 March 2018 

Keywords: 

Chaotic terrain 

Devolatization 

Ice loss 

Groundwater 

Landscape evolution 

Mars 

a b s t r a c t 

Galaxias Chaos is a region of low plateaus separated by narrow fractures – a chaotic terrain. Galaxias 

Mensae and Galaxias Colles are characterised by mesa and knobby terrains of individual landforms, or 

small assemblages, separated by plains. Galaxias Chaos has been attributed to ground disturbance due to 

sublimation in shallow subsurface ice-rich deposits, Galaxias Mensae and Galaxias Colles to sublimation 

and degradation of icy surface materials, without production of chaotic terrain. Liquid water has not been 

regarded as a product of the degradation of these icy terrains. This paper asks two research questions: 

(1) what was the total extent of the different modes of landscape degradation, especially chaotic terrain, 

involved in producing the present landscapes of Galaxias Chaos and Galaxias Mensae–Colles; (2) can the 

generation of liquid water as a product of landscape degradation be ruled-out? Using a morphological- 

statistical approach, including power spectrum analysis of relief, our observations and analyses show 

that present mesa-knobby terrains of Galaxias Mensae–Colles evolved from a landscape that had the 

same directional pattern and relief as presently found in Galaxias Chaos. This terrain extended across 

∼440,0 0 0 km 

2 but ∼22,0 0 0 km 

3 (average thickness, 77 m) have been lost across ∼285,0 0 0 km 

2 . This 

represents a significant loss of ice-bearing deposits. Moreover, this surface degradation was spatially par- 

titioned by landforms associated with elevated ground heating and the transmission of a fluid in the 

shallow subsurface towards a distal channel. In answer to research question 2, it cannot be determined 

definitively if the fluid involved was groundwater, generated by the thermal destabilisation of the icy de- 

posits, or low viscosity lava. However, it is likely that the degradation of Galaxias Mensae–Colles was not 

a consequence of sublimation alone. These findings underscore the significance of cryo-volcanic interac- 

tions in the cycling of water between the Martian surface and the atmosphere. 

© 2018 Elsevier Inc. All rights reserved. 

1. Introduction 

Galaxias Chaos ( Carr and Schaber, 1977 ) and the adjoining re- 

gions Galaxias Mensae and Galaxias Colles ( Fig. 1 A, approximately 

33 °–43 °N, 144 °–156 °E) are located at the topographic transition 

between the Elysium Rise and Utopia Planitia, with Phlegra Montes 

to the east ( Fig. 1 B). The distinctive chaotic terrain ( Sharp, 1973 ) of 

Galaxias Chaos, blocky plateaus bounded by cross-cutting fracture- 

troughs ( Fig. 2 A), has been interpreted to be a consequence of 

ground disturbance due to sublimation and loss of volume in icy 

deposits underlying a surface lava cap ( Pedersen and Head, 2011 ). 

The geomorphology of Galaxias Mensae and Galaxias Colles, domi- 

∗ Corresponding author at: UCD School of Geography, Belfield, Dublin 4, Ireland. 

E-mail address: colman.gallagher@ucd.ie (C. Gallagher). 

nated by mesas ( Fig. 2 B) and knobby terrain ( Scott and Carr, 1978 ) 

( Fig. 2 C), has been explained as a consequence of sublimation from 

icy surface units but without the ground disturbance characteristic 

of chaotic terrain ( Pedersen and Head, 2010 ). 

The Galaxias regions (Galaxias Mensae is formally part of Galax- 

ias Colles) are located close to Hecates Tholus, within the Elysium 

Volcanic Province ( Platz and Michael, 2011 ), the second largest vol- 

canic province on Mars ( Fig. 1 B). Elysium Mons became active 

4 Ga ( Hartmann and Berman, 20 0 0 ) but plains lava flows from 

it were emplaced in Elysium Planitia within the last 10–100 Ma 

( Hartmann and Berman, 20 0 0 ), perhaps as recently as 1–10 Ma 

( Vaucher et al., 2009 ). Volcanic eruptions from Hecates Tholus oc- 

curred until 335 Ma and the edifice was glaciated repeatedly and 

as recently as 0.1 Ma ( Hauber et al., 2005; De Pablo et al., 2013 ). 

https://doi.org/10.1016/j.icarus.2018.03.002 
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Fig. 1. (A) Locations and synoptic overview of the regions Galaxias Chaos, Mensae, 

Colles and Fossae, including Fracture A (THEMIS DT IR Controlled Mosaic Cebre- 

nia 30N 120E 100 mpp). The dotted line represents the extent of chaotic terrain 

and mesa-knobby terrains mapped from the GIS. The locations of Fig. 2 A, B and 

C are shown as white boxes. The region characterised by dark lineaments is la- 

belled. (B). Location of Galaxias Chaos, Galaxias Mensae and Galaxias Colles in re- 

lation to Hecates Tholus, Hrad Vallis, Utopia Planitia and Phlegra Montes (THEMIS 

Day IR Controlled Mosaic Cebrenia 30N 120E 100 mpp with MOLA MEGDR 128 ppd 

colour-shaded relief overlay, contours shown at 500 m intervals). Heavy black line 

bounding the cross-hatched area shows the extent of chaotic, mesa and knobby ter- 

rains (dotted white line in 1A). Line-work within this area shows locations of frac- 

tures, pitted cones and broad ridges; numbered boxes show the locations of Figs. 

3 A, 4 A–F, 5 and 6 , in which these landforms are shown in greater detail. The region 

characterised by dark lineaments extends southwest from the box showing the lo- 

cation of Fig. 5 . (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.) 

Neutron flux data ( Boynton et al., 2002 ) indicate that the Galax- 

ias regions are located at the margin of icy plains extending 

north from Elysium Mons and Hecates Tholus. These data indicate 

that surface layers poleward of ∼45 °N probably contain 1–2 wt% 

H 2 O, increasing to 20–50 wt% H 2 O from beyond several 10s of 

centimetres below the surface. Radar characterisations of icy de- 

posits extending from ∼38 ° to 48 °N in western Utopia Planitia are 

consistent with the subsurface ice content reaching 50–85 vol% 

( Stuurman et al., 2016 ). 

During the Early Amazonian Epoch, swarms of volcanic dikes 

were emplaced below these icy surface units ( Pedersen et al., 

2010 ), possibly including lowland glaciers ( Mouginis-Mark and 

Wilson, 2016 ). Subsequently, disturbance, erosion and devolatiza- 

tion of the icy cover have exposed many of the dikes, the traces 

of which appear as parallel sets of linear fractures and ridges strik- 

ing SE-NW ( Pedersen et al., 2010 ). In this context, Pedersen and 

Head (2010) concluded that the mesa terrain of Galaxias Mensae 

and knobby terrain of Galaxias Colles were formed through the 

sublimation and degradation of icy surface units without ground 

disturbance. By contrast Pedersen and Head (2011) interpreted the 

geomorphology of Galaxias Chaos to be a consequence of the dis- 

turbance of a lava cap in response to sublimation and loss of vol- 

ume in underlying icy deposits. Significantly, neither interpretation 

involves the production of liquid water or the incision of channels 

as consequences of the devolatization. Rather, Hrad Vallis ( Wilson 

and Mouginis-Mark, 2003; Hopper and Leverington, 2014 ) ( Fig. 1 B) 

and the channel extending NW from Galaxias Fossae ( Fig. 1 A and 

B, Fracture A) have been interpreted as having been incised either 

by mudflows, generated by interaction between volcanism and ice 

( De Hon, 1992; Wilson and Mouginis-Mark, 2003 ), or by low vis- 

cosity lavas ( Hauber et al., 2005 ) that exploited structural features 

of Elysium Mons to reach the surrounding plains ( Hopper and Lev- 

erington, 2014 ). However, elsewhere on Mars, significant ground- 

water and surface water discharges were associated with the for- 

mation of chaotic terrains due to ground disturbance associated 

with the drainage of aquifers that had been generated by the melt- 

ing of ice in near surface deposits ( Sharp, 1973; Carr, 1979 ). There- 

fore, determining the spatial extent of chaotic terrain production 

and, in particular, understanding the relationship between chaotic 

terrain and associated landforms indicative of specific devolatiza- 

tion mechanisms are important in identifying potential source-to- 

sink routeways and processes of water transfer in, and from, the 

Martian near-surface. For those reasons, and given the close rela- 

tionship between ice and volcanism in the Galaxias regions, this 

paper asks two fundamental research questions: (1) what was the 

total extent of the different modes of landscape degradation, espe- 

cially chaotic terrain formation, involved in producing the present 

landscapes of Galaxias Chaos and Galaxias Mensae–Colles, and; (2) 

can the generation of liquid water as a product of regional land- 

scape degradation be ruled-out? 

2. Data and methods 

2.1. Data 

Landforms were mapped and measured from mosaiced CTX 

(ConTeXT imager, NASA Mars Reconnaissance Orbiter; Malin et al., 

2007 ) visible-wavelength images (resolution ∼6 m per pixel), 

displayed in a cylindrical projection (image credits: NASA/JPL- 

Caltech/MSSS). For synoptic coverage and small-scale mapping, 

THEMIS (Thermal Emission Imaging Spectrometer, NASA Odyssey; 

Christensen et al., 2004 ) daytime brightness records (credit: 

NASA/JPL-Caltech/Arizona State University) were also used. The 

CTX and THEMIS images were overlaid on the MOLA (Mars Or- 

biter Laser Altimeter; Smith et al., 2001 ) MEGDR (Mission Ex- 

periment Gridded Data Record. Credit: NASA/MOLA Science Team) 

digital terrain model (DTM), covering the entire study area at a 

resolution of ∼463 m/pixel. Higher resolution elevation profiles of 

Galaxias Mensae and Galaxias Chaos were extracted from CTX im- 

ages draped over a HRSC (High Resolution Stereo Camera; Neukum 

et al., 2004) DTM with a spatial resolution of 50 m per pixel and 

height accuracy of ∼10 m per pixel ( Jaumann et al., 2007; Gwinner 

et al., 2009 ) in a sinusoidal projection (image credits: ESA/DLR/FU 

Berlin). All imaging and elevation data were stored and manipu- 

lated in a Geographic Information System (GIS). 

2.2. Methods 

Broadly, the methodology was developed to test two funda- 

mental hypotheses ( 1H and 2H ) via measurements providing a 3- 

dimensional quantification of the landscapes of the Galaxias re- 

gions. 1H was that the extent of each Galaxias region can deter- 

mined on the basis of identifying the spatial distributions of dis- 

tinct regional landform assemblages, differentiated on the basis of 

quantifiably distinct directional arrangements. 1H was tested by 

measuring the directional arrangement of landforms ( Section 2.2.1 ) 
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