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The quasi-circular collapsed landforms occurring in the Chryse region of Mars share similar morpholog-
ical characteristics, such as depth of collapse and polygonally fractured floors. Here, we present a statis-
tical analysis of diameter, maximum and minimum depth, and amount of collapse of these features.
Based on their morphometric characteristics, we find that these landforms have a common origin. In par-
ticular, the investigated landforms show diameter-depth correlations similar to those that impact craters
of equivalent diameters exhibit. We also find that the observed amount of collapse of the collected fea-
tures is strongly correlated to their diameter. Furthermore, the linear relation between minimum filling
and pristine depth of craters, the constant ratio between collapse and the amount of filling and the frac-
tured and chaotic aspect of the filling agree with melting and subsequent collapse of an ice layer below a
sediment layer. This interpretation is consistent with a buried sub-ice lake scenario, which is a
non-climatic mechanism for producing and storing abundant liquid water under martian conditions.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

Numerous quasi-circular collapsed features are present in the
Chryse region of Mars and they share similar morphological char-
acteristics (Fig. 1): deeply collapsed quasi-circular areas with
intensively fractured floor characterized by polygonal tilted blocks
very different in size (Chapman and Tanaka, 2002; Glotch and
Christensen, 2005; Rodriguez et al., 2005b; Meresse et al., 2008).
It has been suggested that these circular landforms originated from
the collapse of buried impact craters and can occasionally merge
together forming larger chaotic terrains (Sato and Kurita, 2005;
Rodriguez et al., 2005a). Despite that, different classifications of
these objects occur in the literature. Some of them are classified
as (Fig. 1a) chaotic terrains (Carr et al., 1973; Sharp, 1973; Carr,
1980; Rotto and Tanaka, 1995) and other as (Fig. 1b) floor-
fractured craters (FFC, Schultz and Orphal, 1978; Korteniemi,
2003; Korteniemi et al., 2006). The third types includes circular
collapsed features with fractured and broken floor within larger
chaotic terrains (Fig. 1c and d). This is important, because different
classifications are the basis for different explanations for their ori-
gin (see Bamberg et al. (2014) for an extensive review).

Based on their similarity with lunar FFC, Schultz and Orphal
(1978) suggest uplift and fracturing of crater floor and filling sed-
iment consequent to the rising of magma intrusion underneath
the crater. The high amount of collapse can be explained by the
withdrawal of magma sills or by the subsidence produced after
the water discharge from the melted cryosphere (Sharp, 1973;
Cabrol et al., 1997; Chapman and Tanaka, 2002; Ogawa et al.,
2003; Leask et al., 2006; Meresse et al., 2008). More commonly
proposed scenarios are based on the increase in pressure of global
aquifer with consequent disruption of the cryosphere and fractur-
ing, followed by intensive groundwater discharge and removal of
sediment by water, that would explain the collapse (Carr, 1979;
Clifford, 1993; Andrews-Hanna and Phillips, 2007; Marra et al.,
2014a,b). Sato et al. (2010) propose a model of earth fissuring of
sediments within the crater as result of differential compaction
consequent to the increase of groundwater level. The groundwater
piping active below the crater floor toward the rims would be
responsible for the collapse. Some authors have highlighted the
role of gas hydrated dissolution and release in the collapsing pro-
cess (Milton, 1974; Lambert and Chamberlain, 1978; Hoffman,
2000; Komatsu et al., 2000; Tanaka et al., 2001; Max and Clifford,
2001; Montgomery and Gillespie, 2005; Kargel et al., 2007).
Warner et al. (2011) suggest a mechanism of subsurface volume
loss consequent to the effusion of groundwater to the surface along
linear zones of preexisting regional fractures pattern where
localized deep basins can develop. Collapse over subterranean
groundwater bodies appears to have played a significant role in
the generation of chaotic terrains within the study region.
Rodriguez et al. (2003, 2005a,b) invoked the drainage of extensive
water-filled caverns in southern circum-Chryse as a major causative
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Fig. 1. Some examples of quasi-circular collapsed landforms in the Chryse region of Mars. They all represent deeply collapsed quasi-circular areas with intensively fractured
floor characterized by polygonal tilted blocks very different in size. (a) Chaotic terrains (1,2-Hydaspis Chaos; 32-Hydraotes Chaos): they show a quite irregular shape but
some circular features are clearly detectable from the distribution of fractures. (b) Floor-fractured craters. (c) Large chaotic terrains (43-Aureum Chaos; 44-Arsinoes Chaos) in
which several small circular collapsed features can be detectable. (d) Low collapsed area (49-Iani Chaos) with some small circular collapsed features inside. DTM MOLA
mosaic (Zuber et al., 1992) over shaded relief HRSC images (Jaumann et al., 2007).
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condition leading to regional highland collapse. In subsequent
investigations, Zegers et al. (2010) and Roda et al. (2014) identified
geologic evidence indicative of chaos generation resulting from the
collapse of sedimentary strata into underlying subsurface lakes.

Although all proposed scenarios predict fracturing and collapse,
they are expected to result in very different morphometric charac-
teristics. For example, the maximum subsidence resulting by an
unrealistic complete discharge of a 20-km deep aquifer is limited
to 1.2 km (using a depth-porosity relation suggested by Clifford
et al. (2010)). Intrusions of magma may be followed by higher col-
lapse during the withdrawal of magma (Meresse et al., 2008). The
sub-ice lake scenario requires the existence of an original crater
filled with ice which drives the resulting amount and morphology
of the collapse (Zegers et al., 2010; Roda et al., 2014).

In order to discern the origin and the mechanism of the evolu-
tion of the quasi-circular collapsed features we investigate
whether the chaotic terrains are really different from
floor-fractured craters and then which mechanism can explain
the peculiar morphology of these landforms. We will first focus
on their origin. We analyze the diameter, maximum depth and
observed collapse of the collapsed landforms and we study their
statistical relationships to evaluate whether they show common
distributions and therefore a possible common origin. Next we will
focus on the morphological imprint of the evolution of the crater
infill. On the basis of their morphometric characteristics, we will
distinguish between the formation scenarios proposed to explain
the evolution of these landforms.

2. Method

For about fifty quasi-circular collapsed landforms around
Chryse region (Fig. 2) we measure the main morphometric charac-
teristics such as the diameter and the maximum and minimum
depth with respect to the surrounding, non-collapsed area
(Fig. 3). We also measure the collapse as difference between the
maximum and minimum depth and it is considered as the
observed collapse depth. This represents the collapse achievable.
In fact the amount of collapse can be higher if the measured
minimum depth is generated by collapse with respect to the
surrounding areas. In this case the collapse would coincide with
the maximum depth. However, the minimum depth can be only
the result of pre-existing difference in topography. Since it is not
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Fig. 2. Location of collected landforms around Chryse region. See Supplementary material for the reference. Elevation map based on MOLA mosaic.
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Fig. 3. Representation of measured and calculated parameters on a hypothetic cross section of a collapsed feature. The observed collapse depth is the difference between
maximum and minimum depth, the pristine depth is obtained from four different empirical relations and the minimum filling is the difference between pristine and
maximum depth.
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possible to discriminate between the two processes, we conserva-
tively refer to the observed collapse only. We analyze the relation-
ships between the diameter and maximum depth and observed
collapse of the measured landforms, and we compare these rela-
tions with the empirical relation between diameter and maximum
depth for impact craters from different authors. Finally, on the
basis of common morphometric characteristics showed by col-
lapsed landforms, we discriminate between different evolutionary
scenarios proposed for the chaotic terrains.

We combined observations from High Resolution Stereo
Camera (HRSC, Jaumann et al., 2007) with Mars Orbiter Laser Alit-
meter (MOLA, Zuber et al., 1992). We calculated the maximum and
minimum depth of the collapsed landforms in two steps. First we
made two perpendicular cross-sections across each landform and
we extracted the average, maximum and minimum depths with
respect to the average elevation of the surrounding area, in order
to exclude the elevation of possible rims. Fig. 2 shows a hypothetic
cross-section of a collapsed feature in order to represent all fea-
tures shared by the circular collapsed features (collapse, fracturing
and blocky floor) the morphometric characteristics we measure.
Then we digitized the inner margin of each basin in ArcGIS 10,
excluding the elevation of rims from the measurement, we
assigned the elevation value from the average elevation of
surrounding area, and we constructed a Triangulated Irregular
Network (TIN) across the basin, to represent the original,
pre-collapsed surface. The TIN is then converted to a raster, from
which the elevation values of the base HRSC or MOLA Digital
Terrain Models (DTMs) is subtracted to obtain the maximum,
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average and minimum depth of the collapsed landforms. The mini-
mum spatial resolutions of HRSC and MOLA DTMs are respectively
70 and 400 m (Neumann et al., 2001; Jaumann et al., 2007; Som
et al., 2008) that lead a maximum error in elevation estimates of
2% for the smallest landforms (20 km). Finally, the maximum and
average depths obtained from cross-sections and those from the ras-
ter calculation are compared to test the accuracy. The correlation
between cross-sections and calculated depths is strong, ranging
between 0.8 for the average depth and 0.9 for the maximum depth
(Supplementary material) and the maximum difference range
between 10% for the maximum depth up to 15% for the average
depth. Analyses of variance and similarity are used to test the corre-
lation between the empirical relations for impact crater dimensions
and the empirical relations for the morphometry of collapsed
landforms.
minimum diameter [km]
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Fig. 4. Plot of showing two subsets of the investigated population of chaotic
terrains. The red dots show circular features (ratio 1 in the plot), and the orange
dots show chaotic terrains that deviate to various degrees from circularity as a
measure of the ratio between the maximum and minimum diameters. Most of the
measured landforms is circular. Few landforms show slight deviation from the
circularity, specially the largest ones. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

1 For interpretation of color in Fig. 6, the reader is referred to the web version o
this article.
3. Results

The circularity of the landforms is evident when the maximum
and minimum diameter are compared (Fig. 4). Most of the mea-
sured landforms has a ratio between maximum and minimum
diameter close to 1, specially the smallest ones. Few landforms
slightly deviate from the perfect circularity showing a rather
elliptical shape (1, 2, 5, 6, 34 and 48). Some larger landforms show
higher deviation from the perfect circularity (32, 43 and 44).

We first analyze the distribution of maximum depth and
observed amount of collapse of the collected landforms with their
diameter (Fig. 5). The majority of the landforms (94%) shows a
maximum depth greater than 1.2 km (Fig. 5a) and only the
smallest landforms have a observed amount of collapse lower
than 1.2 km (Fig. 5b). This value represents the maximum amount
of collapse achievable by an unrealistic complete pore-space
closure of 20 km thickness cryosphere after groundwater
release, using a depth-porosity relation suggested by Clifford
et al. (2010).

Only five landforms show amaximum depth greater than all the
impact crater pristine depth best-fit lines (Fig. 5a), calculated from
4 different diameter- pristine depth relationships (Garvin et al.,
2003; Boyce and Garbeil, 2007; Robbins and Hynek, 2012;
Tornabene et al., 2013). Considering the uncertainties in the
measurement and the scattering of the pristine depth regressions,
the deviation from the empirical relations can be considered non
significant. From the relation between the average depth and
diameter (Fig. 5c) it is possible to distinguish two main groups of
collapsed landform. The first group shows an average depth lower
than 0.6–0.7 km while the second group has higher depths.
landforms belonging to the first group have been detected in Iani
Chaos and Margaritifer Chaos regions (23, 31, 45 and 49 – Fig. 2
and Supplementary material) or within outflow channels (35, 36
and 41 – Fig. 2 and Supplementary material).

To test whether the collapsed landform can be related to impact
craters we evaluate the similarity between diameter vs maximum
depth and collapse relationships of the measured landforms and
the empirical relations for crater dimensions, excluding those
showing a maximum depth greater than the pristine depth of
impact craters (Fig. 6a and b). First we determine the power-law
regression for the two distributions. For the maximum depth
(Fig. 6a) we obtain a power law regression characterized by a R2

of 0.34 while a value of 0.56 is obtained for the regression of
observed collapse depth (Fig. 6b). In both cases, the analysis of
variance and similarity (ANOVA) gives a meaningful correlation
(with significance of Fisher parameter – F – respectively of 10�6

and 10�8 to not have a meaningful correlation) and the statistical
error of the power-law exponent for both regressions is 6%
(Supplementarymaterial). A similar correlation is obtained excluding
from the regression landforms with low average depth (Fig. 6a and
b – red1 crosses).

We now compare the power-law exponent of the two regres-
sions (maximum depth and observed collapse) with the exponent
of four theoretical laws of impact craters. The diameter vs maxi-
mum depth relation is statistically similar to the relationship
between diameter and pristine depth of impact craters (Fig. 6a).
This similarity is much more significant when the observed col-
lapse depth achieved by chaotic terrains is taken into account. In
fact, the difference in slope between the two relationships is within
the statistical interpolation error (Fig. 6b and Supplementary
material). The same analysis excluding landforms with very low
average depth (red dots) gives the same results, with some
differences concerning the shifting of the intercept. This analysis
confirms that the collapsed landforms can be related to impact cra-
ters. In this context, the shifting in the intercept for maximum
depth relation (Fig. 6a) with respect to the pristine depth relation
represents the minimum amount of sediment filling the impact
crater. The amount of collapse (Fig. 6b) would represent a missing
volume of material originally present beneath the sediments
(likely ice or water).

To understand the evolution of crater infill, we focus on the
relationship between the amount of collapse and filling with the
crater size. The distribution of observed amount of collapses with
the pristine depths is linear (Fig. 6c – only Tornabene et al.
(2013) relation is plotted for clarity) suggesting that the amount
of collapse is strongly affected by the crater dimensions. The ratio
between the amount of collapse and pristine depth is 0.6. Taking
into account the low sedimentation rate during Noachian and
Hesperian period (Hynek and Phillips, 2001; Craddock and
Howard, 2002; Kite et al., 2013), a horizontal sedimentation within
f
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the crater is likely. Following this interpretation, the minimum
filling achieved within the craters is the difference between the
pristine and maximum depth (Fig. 3). The relation between
minimum filling and pristine depth is linear (Fig. 6d).
4. Discussion

On the basis of morphometric properties, chaotic terrains and
floor-fractured craters cannot be distinguished by peculiar charac-
teristics or distributions and they represent similar collapsed fea-
tures with a common origin. Most of the landforms has a clear
circular shape. Slight deviation from the circularity (landforms 1,
2, 5, 6, 34 and 48) can be explained with marginal mass-wasting
related to different processes. Dewatering of fluids from gas and/
or salt hydrate buried deposits (Max and Clifford, 2001;
Montgomery and Gillespie, 2005), dissolution of clathrates lenses
(Kargel et al., 2007) or melting of near-surface ground ice
(Costard et al., 2002) occurring around circular landforms could
promote irregular scarp retreat. Even local groundwater discharge
can promote an irregular shape of the collapsed landforms (Balme
et al., 2006). Where the groundwater emerged on the surface, cer-
tain erosional mechanisms became active because of the seepage
(Howard et al., 1988; Malin and Edgett, 2000; Luo and Howard,
2008) producing channelization, slumping, and sediment fluidiza-
tion (Schorghofer et al., 2004; Marra et al., 2014a). Landslides or
granular flows (Treiman, 2003) can contribute to the deviation
from the circularity for the collapsed landforms. Larger deviation
from the circularity occurs in larger landforms (32, 43 and 44)
and can be generate by the coalescence of smaller circular land-
forms that can occasionally merge together forming larger chaotic
terrains (Sato and Kurita, 2005; Rodriguez et al., 2005a) or by the
collapse of large underground caverns proposed by Rodriguez
et al. (2005a,b, 2015). In one case (49 – Iani Chaos) a very high
deviation from circularity occurs and as we will see below, this
can be explained differently.

The strong similarity between the relations diameter vs amount
of collapse for the measured landforms, and diameter vs pristine
depth for craters confirms that the collapsed features are probably
related to pre-existing impact craters. The evolution of the crater
infill is characterized by the high amount of collapse, indicating a
large amount of volume missing (likely ice or water). The linear
relations between the amount of collapse and filling with the pris-
tine depth of craters suggest that the evolution of crater infill is
strongly affected by crater size.

Taking into account these observations we can distinguish
between the formation scenarios proposed to explain the evolution
of the collapsed landforms. Of the major scenarios proposed to
explain the evolution of the chaotic terrains, only the buried sub-
ice lake scenario matches the results of the statistical analysis. In
fact, this scenario requires the existence of an original crater filled
with ice, and the amount of collapse corresponds to the thickness
of a buried sub-ice lake, which is strongly affected by the crater
size. The maximum depth and the amount of collapse (mostly
>1.2 km) are too high to be explained by aquifer discharge or
gas-hydrated dissolution. In fact, the maximum subsidence result-
ing by an unrealistic complete discharge of a 20-km deep aquifer is
limited to 1.2 km (using a depth-porosity relation suggested by
Clifford et al. (2010)). Pressurized groundwater outflow experi-
ments (Marra et al., 2014b) suggest that the amount of material
removed by water discharge in the outlet area is small and concen-
trated only along the fractures (where water is released), resulting
in a very limited net subsidence at the end of the process.
Furthermore, as suggested by Hanna and Phillips (2005), the break
of the cryosphere by a pressurized aquifer is unlikely unless it is
not taken as an a priori condition. The occurrence of a global
pressurized aquifer alimented by basal melting of South polar
cap is contrasted by the very low hydrostatic head between Chryse
and polar regions (Russell and Head, 2007; Cassanelli et al., 2015).
Source of groundwater from ice sheets on Tharsis rise can
potentially generate a higher hydrostatic head (Harrison and
Grimm, 2004). However, this model does not account for enough
water needed to carve the outflow channels (Cassanelli et al.,
2015) as well as to break the cryosphere in case of icy scenario
for Mars (Forget et al., 2013; Wordsworth et al., 2013).
Mechanisms based on aquifer discharge therefore cannot
explain spatially extensive collapse and cryosphere fracturing.
Furthermore, these scenarios are not restricted to impact craters.

The strong relation with crater size on the final collapse
excludes external or regional mechanisms, such as groundwater
piping or magma intrusion, as the main causes. Strong local erosion
operated by pressurized groundwater release is unlikely. In fact, a
random distribution of maximum depth, observed collapse and fill-
ing with crater size would be expected in this case because these
parameters would be strongly related to the amount and time of
water discharge. In case of magma intrusion, the amount of col-
lapse is strongly connected to the magnitude of the driving pro-
cesses, i.e., the intrusion size and the number of intrusions, and
to the porosity of the magma chamber or aquifer.

Moreover, if a widespread rise of water in a regional aquifer
would be responsible for the filling of craters, the same water level
in all craters would be expected, resulting in a power-law relation
between collapse (original crater-lake thickness) and pristine
depth and a rather constant sediment thickness (crater filling).
On the contrary, the linear correlation of observed collapse depth
with pristine depth suggests that the original lake thickness is
strictly related to the crater size, suggesting a relation between
the size of impact and the release of water. The sediment thickness
is also linearly related to crater depth because it represents accom-
modation space available after freezing of crater lake. This analysis
enforces the interpretation of initial conditions leading to the
shape and size of the chaotic terrains rather than regional pro-
cesses. Furthermore, the statistical relations suggest that one sin-
gle process can be the main cause for the origin of all circular
collapsed features instead of a host of local mechanisms for each
case.

These observations lead to the following scenario for the chaotic
terrains (Fig. 7). After the formation of an impact crater the
increase in temperature resulting from the release of impact
energy would induce melting of the surrounding cryosphere
(Newsom et al., 1996; Segura et al., 2002; Abramov and Kring,
2005; Barnhart et al., 2010). The generated groundwater flows
towards the crater, which represents a topographically depressed
area with low hydraulic head and produces a crater-lake
(Newsom et al., 1996; Rathbun and Squyres, 2002; Abramov and
Kring, 2005). The volume of molten cryosphere and the amount
of water flow is strictly related to the size of the impact crater
(Segura et al., 2002, 2008): in fact larger craters result in more
shock heating of the cryosphere, more melting and, therefore, a lar-
ger and deeper lake. Alternatively crater-lake can be formed as a
consequence of the retreat of Oceanus Borealis during the Late
Noachian as suggested by Rodriguez et al. (2015). Due to low sur-
face temperatures, the water lake freezes (McKay et al., 1985; Roda
et al., 2014) and sediments can be deposited at the top of the ice
layer. The buried ice unit melts as a result of the thermal insulation
by the overburden in combination with the planetary heat loss,
creating a subsurface lake. The system is no longer stable and the
overburden collapses, resulting in massive expulsion of liquid
water to the surface (Zegers et al., 2010; Roda et al., 2014). Taking
into account a uniformly distributed heat loss, the amount of melt-
ing is strictly affected by the crater size. This scenario is consistent
with the late stage of the scenario proposed by Rodriguez et al.
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(2015), in which buried ice saturated deposits and ice-lakes, frozen
after the retreating of the primordial ocean during the Late Noa-
chian, melt allowing the collapse of irregular cavernous systems
and circular collapsed features.

From the analysis of the average depth two main groups can be
distinguished. Landforms collected in Iani Chaos and Margaritifer
Chaos regions or within outflow channels belong to the first group,
with a low average depth. They show relatively high maximum
depth and collapse in contrast with the low average depth, but
localized in small areas. Even the shape of these landform is very
irregular with a strong deviation from the circularity. These
observations are consistent with a mechanism of subsurface
volume loss as a result of the effusion of groundwater to the sur-
face, and development of deeper basins localized along linear
zones of preexisting regional pattern of fractures (Warner et al.,
2011). This can explain the general low amount of collapse, with
some areas showing higher maximum depth and the strong devia-
tion from circularity. In the second group, the collapsed features
are generated within outflow channels and show low maximum
depth, collapse and average depth. A secondary evolution of these
landforms has been proposed by Rodriguez et al. (2005a, 2011):
the limited collapse of these landforms may be the result of liquid
volume loss from lenses of volatiles (e.g. liquid briny fluids)
exhumed after the carving of outflow channels and their dissection
(secondary chaos). They may also be pits formed by pressurized
groundwater outflow (Marra et al., 2014b). Both scenarios are con-
sistent with the low collapse shown by these landforms. Larger
chaotic terrains (e.g. 32, 43 and 44) can be formed in regions of
dense overlapping impact craters (Rodriguez et al., 2005a).

The initial evolution stages of quasi-circular collapsed features
(chaotic terrains and floor-fractured craters) are strictly related
to initial conditions, such as the size of impact craters and the
amount of water ice in the surrounding cryosphere. In the subse-
quent steps, a global mechanism may have been responsible for
the ice melting and the collapse of sediments. These results are
consistent with the scenario of collapsed underground caverns
proposed by Rodriguez et al. (2005a,b) and in agreement with a
buried sub-ice lake the scenario proposed Zegers et al. (2010)
and Roda et al. (2014). Global climate change is not required to
develop a sub-ice lake scenario, and large amount of liquid water
can be generated by a mechanism unrelated to climate, in agree-
ment with Forget et al. (2013) and Wordsworth et al. (2013) who
highlight that the early martian climate was too cold to allow
long-term surface liquid water, and a non-climatic mechanism
must occur to explain the highly erosive structures on Mars. Larger
chaotic terrains may result from the merging of several circular
collapses. A few chaotic terrains may have been generated as sec-
ondary chaos, after outflow channel carving, or by groundwater
effusion, likely driven by a regional pattern of fractures
(Rodriguez et al., 2005a, 2011). In both cases, the average collapse
is low and clearly distinguishable from the highly collapsed chaos.

Although the intent of this paper is to suggest an alternative
mechanism for the sole circular collapsed landforms we may spec-
ulate about the consequence of this scenario. The highly depressed
area formed by a collapse scenario may represent a preferential
way to discharge water from the aquifer, leading the formation
of the outflow channels that very often have been headed by chao-
tic terrains. In this scenario the pressure of the confined aquifer can
be lower than the strength of the cryosphere allowing remarkable
water discharge even for limited hydrostatic head or relative small
compartmented aquifer.
5. Conclusions

We analyzed the morphometric characteristics of several
quasi-circular collapsed features around Chryse region in order to
understand whether the chaotic terrains are really different from
floor-fractured craters and to distinguish between the possible for-
mation scenarios proposed for these features. Chaotic terrains and
floor-fractured craters cannot be distinguished by specific morpho-
metric characteristics or distributions and they have similar origin.
The high average depth shown by the quasi-circular collapsed fea-
tures in Chryse region and the strong correlation between collapse
and pristine depth strongly support their formation in older impact
craters. The strong relation between the amount of collapse and
the size of craters suggest that a local mechanism was responsible
for the formation of the collapsed landforms. The resulting
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morphology agrees with a buried sub-ice lake scenario proposed to
explain the evolution of martian chaotic terrains.
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