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ABSTRACT

Discovery of giant polygonal terrains on Mars has prompted a 
30-year debate over how they formed. The prevailing hypothesis 
is that small-scale Martian polygons formed by thermal contrac-
tion, as in terrestrial permafrost environments. Large-scale  
(>1 km) Martian polygons in the northern plains are visible in 
THEMIS, MOLA, Viking, and Mariner data, but how they formed 
remains enigmatic. We suggest that terrestrial deep-water marine 
polygons are morphological and perhaps genetic analogs to large-
scale Martian polygonal features. The terrestrial, deep-water 
polygons are imaged in three-dimensional seismic-reflection data 
acquired by the oil and gas industry in offshore Norway and the 
Gulf of Mexico.

How deep-water polygonal fault systems form is a debated topic 
beyond the scope of this work. However, similarities between 
terrestrial deep-water polygonal fault systems and large-scale 
Martian polygonal terrains suggest that the latter could have 
formed during deep-water marine deposition. Deep-water  
polygonal faults form within fine-grained sediment at shallow 
burial depths. Increases in slope angles can trigger downslope 
disaggregation of deep-water polygons and mass wasting (form-
ing debris flows). Physical models indicate that multidirectional 
extension can cause polygonal features to break up on a slope 
over a mobile substrate. Some knobby terrains in the Vastitas 
Borealis Formation seem to originate from disaggregation of 
large-scale Martian polygonal terrains. These analogies suggest a 
possible deep-water subaqueous origin for large-scale Martian 
polygonal terrains and support the idea of a late Hesperian–early 
Amazonian ocean on the northern plains of Mars.

INTRODUCTION

Polygonal terrains on Mars cover a wide spectrum of scales 
(Levy et al., 2009; Hiesinger and Head, 2000) and have been 
linked to a variety of processes, including basalt loading, cooling 
of volcanic material, tectonic deformation, desiccation, density-
driven convection, and thermal contraction (McGill, 1986;  
McGill and Hills, 1992; Hiesinger and Head, 2000; Buczkowski 
and McGill, 2002; Buczkowski and Cooke, 2004; Levy et al., 
2010). Several decades of detailed observations of the Martian 
surface have allowed researchers to conclude that small-scale 
Martian polygons (typically <25 m in diameter) can form by 
thermal contraction processes similar to those in terrestrial 

permafrost environments (Mutch et al., 1977; Mellon, 1997; Head 
et al., 2003; Levy et al., 2008). However, formation of large-scale 
Martian polygons (hundreds of meters to kilometers in diameter) 
(Fig. 1) is not well explained by permafrost processes and remains 
highly speculative (Lane and Christensen, 2000; Hiesinger and 
Head, 2000; Cooke et al., 2011). Lane and Christensen (2000) 
postulated that Rayleigh free convection within a thick, 
catastrophic flood deposit on the northern plains of Mars formed 
large-scale polygonal terrains. In contrast, Hiesinger and Head 
(2000) proposed that tectonic uplift of an ancient Martian basin 
floor was the ultimate trigger for forming large-scale Martian 
polygons. Most recently, Cooke et al. (2011) suggested that giant 
polygons in Utopia Planitia formed by volumetric compaction of 
wet, fine sediments along the slopes of buried basement in an 
ancient Martian ocean. We support the idea that large-scale 
Martian polygons on the northern plains of Mars formed in deep 
water in a late Hesperian–Amazonian ocean (Lucchitta et al., 
1986; Baker et al., 1991; Parker et al., 1989, 1993; Head et al., 1999; 
Cooke et al., 2011). We strengthen the argument by presenting 
striking geomorphological similarities between terrestrial deep-
water, polygonal fault systems and what we consider to be their 
Martian counterparts (Figs. 1–3). We use recently acquired high-
resolution, three-dimensional seismic data from offshore Norway 
and the Gulf of Mexico to document in detail the geomorphology 
of deep-water polygonal systems. 

Seismic surveys have greatly improved our ability to study 
terrestrial deep-water environments (Cartwright et al., 2003) 
(Figs. 2 and 3) and made available analogs that might be relevant 
to past Martian environments (Moscardelli and Wood, 2011; 
Burr, 2011). More than 20 examples of terrestrial, kilometer-scale, 
marine polygonal fault systems have been studied on passive 
margins or within cratons (Cartwright and Dewhurst, 1998).  
On Earth, the genesis of deep-water polygonal faults has been 
attributed to a variety of mechanisms, including gravity collapse, 
density inversion, syneresis, gravitational loading, fluid expulsion, 
low coefficients of residual friction, and diagenesis (Cartwright et 
al., 2003; Goulty and Swarbrick, 2005; Goulty, 2008; Cartwright, 
2011). The specific physical or chemical processes that created 
large polygons on Earth or Mars are beyond the scope of this 
paper, however, and the reader is referred to Hiesinger and Head 
(2000), Cartwright et al. (2003), and Cartwright (2011) for 
summaries. Our paper (1) provides a deep-water terrestrial analog 
that might help elucidate the environment of deposition of large-
scale Martian polygonal terrains; (2) illustrates geomorphological 
complexities within deep-water environments and applies these to 
Mars; and (3) highlights how modern seismic data from industry 
can elucidate purely academic problems in deep-water 
environments and on other planets.



5

GS
A 

TO
DA

Y  
|  

20
12

 A
UG

US
T

DEEP-WATER POLYGONAL FAULT SYSTEMS ON EARTH

Polygonal fault systems are widespread in the North Sea and the 
Norwegian Sea (Cartwright and Dewhurst, 1998). Deep-water 
polygonal faults form in marine sediments having high porosities 
and low permeabilities; these are commonly but not exclusively 
composed of ultrafine-grained smectitic claystones or carbonate 
chalks (Cartwright and Dewhurst, 1998). Deep-water polygonal 
systems within units that have diverse mineralogy suggest that 

particle size might be more important than composition in their 
formation, but lithology also plays a crucial role. Figure 2 shows 
seismically imaged polygonal faults from the deep-water (>500 m) 
eastern margin of the Vøring Basin in offshore Norway. The  
Eocene–Oligocene Brygge Formation is clay-rich and has an aver-
age thickness of 450 m (Fig. 2A). Near its base, polygons reach 
1 km in diameter (Fig. 2B). Higher in the unit, polygons are 
smaller and more abundant (Fig. 2C). Deep-water polygonal faults 
such as these are attributed mainly to syneresis, low coefficients of 

Figure 1. (A) Profile using THEMIS and 
MOLA imagery showing topographic 
differences between areas of large-scale 
Martian peripheral and basinal polygons 
in Acidalia Planitia. This profile was 
used to calculate maximum (2.7%) and 
average (0.8%) slope values. (B) Map 
showing basinal and peripheral poly-
gons in Acidalia Planitia. 

Figure 2. Seismic profile and maps of root mean square of the 
seismic wave amplitudes showing two levels of a deep-water 
polygonal fault system within the Eocene-Oligocene Brygge 
Formation (offshore Norway). Seismic data courtesy of the 
Norwegian Petroleum Directorate. TWTT—two-way travel time. 
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friction, or diagenetically induced shear fail-
ure (Cartwright et al., 2003; Goulty, 2008; 
Cartwright, 2011). Most of the mechanisms 
envisaged act soon after deposition or at 
shallow burial depths (Cartwright et al., 
2003; Goulty, 2008; Cartwright, 2011). Syn-
eresis is the subaqueous contraction of gels 
in flocculating clays as water is lost by com-
paction or by an increase in salinity. The 
high clay content in the Brygge Formation 
could form gels during deposition because 
of the micron size of its particles, so synere-
sis is theoretically feasible (Cartwright et al., 
2003). Goulty (2008) suggested instead that 
low coefficients of residual friction in fine-
grained sediments are the key to the devel-
opment of deep-water polygonal faults. 
However, residual friction only applies 
after initial slip occurs, so what triggered 
the faults remains obscure (Goulty, 2008). 
Recent experimental work (Shin et al., 
2008) provides an alternative explanation 
in which diagenesis of clay-rich sediments 
can lead to shear failure under low confin-
ing stresses, triggering the formation of 
polygonal fault systems (Cartwright, 2011). 
Regardless of the genetic mechanism, there 
is a consensus that deep-water polygonal 
faults typically form (1) in sequences of 
very fine grained sediments; (2) in marine 
basins of >500 m water depth; and (3) at 
shallow burial depths (Cartwright et al., 
2003; Goulty, 2008). Some deep-water 
polygonal faults in the Vøring Basin have 
sea-floor expression (Cartwright et al., 2003, 
their figure 15), indicating that thick over-
burdens are not necessary to form the poly- 
gonal pattern (Cartwright and Dewhurst, 
1998; see their figure 10).

Another example of deep-water poly-
gonal fault systems is observed seaward of 
the Sigsbee Escarpment, which marks the 
limit of shallow salt canopies in the Gulf 
of Mexico (Fig. 3). The Neogene polygo-
nally faulted units there have an average 
thickness of 500 m (Fig. 3A), and the poly-
gons can be more than 3 km wide (Fig. 3B). 
Onlaps and truncations by overlying units 
indicate that these polygons formed short-
ly after sediments were deposited in  
the basin at water depths that exceeded 
1000 m. Unit 1 formed when the canopy 
front was 4 km north of the northern edge 
of visible polygons. A map (Fig. 3B) shows 
the typical interlocking shapes of deep-
water polygons. However, faults located 
next to the main polygons have a strong 
northeast strike in response to advance of 
the salt canopy and subsequent southward 

Figure 3. (A) Seismic profile, (B) semblance attribute map, and (C) spectral decomposition map on two 
different deep-water polygonal fault systems within Cenozoic strata of the northern Gulf of Mexico. 
Semblance attributes measure lateral changes in the seismic response caused by variations in structure and 
stratigraphy. Spectral decomposition breaks the seismic signal into its dominant frequency components to 
highlight structural and stratigraphic features. Seismic data courtesy of CGGVeritas. 
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Figure 4. Physical model showing transi-
tion from (A) normal faulting to (B) sepa-
rated polygons under multidirectional ex-
tension triggered by gravity. The model 
comprises a brittle layer of dry blue sand 
overlying a viscous layer of transparent, 
colorless silicone polymer (polydimethyl-
siloxane). Initial fault patterns are con-
trolled by the surface dip of the model and 
the lateral boundaries of the mobile unit 
(A). Thickness variations within the mo-
bile unit result in multidirectional exten-
sion due to enhanced flow within the thick-
er mobile unit, separating and rotating the 
polygons (B). F1 and F2—faults; x and o—
arbitrary marker points.

tilting of the seafloor. Unit 2 formed when the canopy front had 
advanced 1 km closer, building a steeper slope that disrupted the 
polygonal blocks and caused downslope mass wasting as debris 
flows (Fig. 3C). Partly deformed polygons within unit 2 record a 
stage of disruption intermediate between intact glide blocks and 
debris flows (Fig. 3C). Deep-water polygonal faults are common-
ly associated with mass wasting units (slides, slumps, and debris 
flows) (Fig. 3C) (Cartwright, 2011). Numerical models show that 
buried topography can control the geometry of giant polygons 
during the faulting (Cooke et al., 2011). A physical model simu-
lates a later stage where the polygons are disrupted. The physical 
model shows how gravity gliding alone can radically deform poly-
gonal fault systems if a brittle, faulted layer overlies a mobile substra-
tum and both are gently tilted (Fig. 4A). The pattern of extension is 
strongly influenced by (1) surface dips supplying a gravitational 
component of shear stress; and (2) thickness variations in the mobile 
substratum, which cause spatial and temporal variations in the ex-
tension rate (Fig. 4B). Thus multidirectional extension in response to 
surface dip and thickness variations is one way to modify giant poly-
gonal fault systems under gravity on Earth. 

SIMILARITIES BETWEEN MARTIAN AND TERRESTRIAL 
DEEP-WATER POLYGONS

Large-scale polygonal terrains are common on the northern 
plains of Mars (Fig. 1) in Elysium, Acidalia, and Utopia Planitia 

(Lucchitta et al., 1986). The diameter of large-scale Martian poly-
gons is variable (1–32 km), as are the widths of troughs defining 
their polygonal shapes (200–800 m) (Hiesinger and Head, 2000). 
Large-scale polygons on Mars (Fig. 1) resemble deep-water poly-
gons on Earth (Figs. 2 and 3), especially in the distinction of two 
types of polygons. Basinal polygons have a uniform pattern, 
whereas peripheral polygons are more discontinuous and irregu-
lar (Figs. 1 and 3). Basinal polygons are present on Mars (Cydonia 
Labyrinthus in Acidalia Planitia and Utopia Planitia) and Earth 
(Brygge Formation in offshore Norway; Fig. 2 herein; unit 1 in the 
Gulf of Mexico; Fig. 3B herein). On Earth, basinal polygons are 
found where slopes are gentle (<0.5°) and younger deformation is 
absent, so the original geometry is preserved (Figs. 2 and 3B). On 
Mars, basinal polygons formed mostly on the northern plains, far 
from interpreted paleoshorelines or outflow channel outlets 
(Fig. 1). Peripheral polygons on Earth formed above steeper 
(>0.5°) slopes affected by gravity-induced sediment deformation 
(Fig. 3C). Unit 2 in the Gulf of Mexico clearly shows peripheral 
polygons progressively disrupted to form debris flows (Fig. 3C). 
Our physical model suggests that peripheral polygons can evolve 
in a brittle layer under the influence of a surface slope and a mo-
bile substrate of uneven thickness (Fig. 4). Similar peripheral 
polygons on Mars occur near possible paleoshorelines and within 
outflow channels (e.g., Chryse and Hydraotes Chaos). Peripheral 
polygons also occur where slopes are locally steeper (e.g., Acidalia 
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Mensa and Acidalia Colles) (Fig. 1). The polygonal terrain on the 
southeast corner of Figure 1B (Acidalia Planitia) resembles that in 
unit 2 in the Gulf of Mexico (Fig. 3C), where the polygons were 
disrupted and reduced to mass-wasting deposits, and in the physi-
cal model (Fig. 4) in which these polygons were torn apart and 
rafted under gravity. 

DISCUSSION

The origin of small-scale Martian polygons has convincingly been 
linked to thermal contraction (Mellon, 1997; Levy et al., 2010). 
However, the origin of large-scale and older Martian polygonal 
terrains on the northern plains of Mars remains debatable 
(Hiesinger and Head, 2000; Lane and Christensen, 2000; Cooke 
et al., 2011). Lucchitta et al. (1986) proposed that large-scale 
Martian polygonal terrains formed when sediment slurries shed 
from the highlands were rapidly deposited and froze on an an-
cient ocean locally covered by ice on the northern plains. Lane 
and Christensen (2000) suggested that to form a 5-km-diameter 
Martian polygon, the system would need an ~1.1- to 1.5-km-
thick freely convecting layer. This anomalously thick layer could 
have been a thick, water-saturated, sedimentary package that 
accumulated rapidly from catastrophic flooding linked to out-
flow channels (Lane and Christensen, 2000). In Utopia and 
Acidalia Planitia, these polygons are late Hesperian–Amazonian 
in age, coeval with outflow channels and the Vastitas Borealis 
Formation (Lucchitta et al., 1986; Werner et al., 2011). Terres-
trial deep-water polygonal faults can develop within hosts up to 
1 km thick, but their formation is linked to syneresis, low coef-
ficients of residual friction, and/or diagenetically induced shear 
failure instead of thermal contraction or convection (Cartwright 
et al., 2003; Goulty, 2008; Cartwright, 2011). We concur with a 
subaqueous origin for Martian polygonal terrains (Lucchitta et 
al., 1986; Cooke et al., 2011), but based on terrestrial analogs 
(Cartwright et al., 2003; Goulty, 2008), we infer an alternative 
mechanism that does not require contraction by freezing or up-
welling by convection. Recent radar data from the MARSIS/
Mars Express indicate that the dielectric constant of the Vastitas 
Borealis Formation is low enough to be attributed to widespread 
deposition of aqueous or icy sediments on the northern plains 
(Mouginot et al., 2012). We infer that Martian polygonal ter-
rains formed shortly after sediments were deposited as sediment 
slurries on an ocean floor that then rapidly expelled pore fluids. 
Large-scale Martian polygons then formed subaqueously on this 
substratum by syneresis (Cartwright et al., 2003; Cooke et al., 
2011) in response to low coefficients of friction on fault planes 
(Goulty, 2008) or by diagenetically induced shear failure (Cart-
wright, 2011). We agree with the hypothesis of Cooke et al. 
(2011) that gravitationally induced extension controlled by bur-
ied topography influenced the formation of large-scale Martian 
polygonal terrains. Based on our physical model, we suggest that 
polygonal terrains can be severely disrupted by extension where 
surface dips are increased (Fig. 4). 

Regardless of how they formed, large-scale Martian basinal 
polygons are preserved where slopes were low (e.g., Cydonia 
Labyrinthus and Utopia Planitia) (Fig. 1). Intact, deep-water, 
polygonal fault systems are also preserved on Earth on gentle 
slopes (Fig. 2). In contrast, large-scale, Martian peripheral poly-
gons formed near outflow channel outlets where steeper slopes 

induced gravitational instability (Fig. 1). Deformation of giant 
Martian polygons due to slope changes can explain why polygo-
nal and knobby terrains commonly coexist in the northern 
plains (Fig. 1) and in terrestrial deep-water environments 
(Fig. 3C). Large boulders and rubble piles overlying much of the 
Vastitas Borealis and Scandia formations have been interpreted 
as incompatible with marine deposition (McEwen et al., 2007). 
However, terrestrial deep-water mass-wasting units contain raft-
ed blocks as large as 3 km2 in area and at least 100 m thick (Mac-
donald et al., 1993; Dunlap et al., 2010; Jackson, 2011). Mass- 
wasting in deep water can catastrophically mobilize huge volumes  
of sediment in highly efficient plastic f lows containing both 
fine-grained and coarse-grained sediments (Moscardelli and 
Wood, 2008). 

CONCLUSIONS

Hiesinger and Head (2000) have argued that deep-water poly-
gonal fault systems are not an appropriate analog for large-scale 
Martian polygonal terrains because the terrestrial polygons are 
considerably smaller (<1 km) than those on Mars. The scale of 
terrestrial deep-water polygons is in fact comparable to that of 
large-scale Martian polygons (Figs. 2 and 3). Our study and that 
of Cooke et al. (2011) suggest that deep-water (>500 m) polygonal 
fault systems are appropriate analogs for large-scale Martian poly-
gons. We infer that large-scale polygonal terrains on the northern 
plains of Mars most likely formed under deep-marine conditions 
(>500 m water depth) because of (1) geomorphologic similarities 
between large-scale Martian polygonal terrains and deep-water 
polygonal fault systems on Earth; (2) geomorphologic evidence of 
a late Hesperian–Amazonian ocean on the northern plains of 
Mars (Baker et al., 1991; Parker et al., 1989, 1993; Head et al., 1999; 
Clifford and Parker, 2001; Moscardelli and Wood, 2011; Mouginot 
et al., 2012); (3) the requirement that high volumes of water were 
needed to form outflow channels (Clifford and Parker, 2001); and 
(4) similarities between peripheral polygons and polygons formed 
by multidirectional extension in physical models. Despite the de-
bate concerning the exact genetic mechanism for the formation of 
terrestrial deep-water polygonal faults, competing hypotheses are 
compatible with a deep-marine origin (Cartwright et al., 2003; 
Goulty, 2008; Cartwright, 2011). Additionally, most authors agree 
that large-scale polygons formed soon after sediment was depos-
ited on both Earth and Mars (Lane and Christensen, 2000;  
Cartwright et al., 2003; Goulty, 2008; Lucchitta et al., 1986). Irre-
spective of the mechanisms forming the polygons, these lines of 
evidence point to a deep-water setting on the northern plains of 
Mars during late Hesperian–Amazonian times. 
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