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Abstract We present quantitative plausibility studies of potential formation mechanisms for the “honeycomb”
terrain on the northwestern Hellas basin ﬂoor. The honeycomb terrain is a unique landscape of ~10.5 × 5 km wide,
mostly cell-shaped depressions that are arranged in a regular, dense pattern covering ~36,000 km2. We argue
against the honeycombs being (peri)glacial landforms (till rings, iceberg imprints, and thermokarst) or the result
of igneous diapirism, as terrestrial analogs do not reproduce their key characteristics. Fossilized impact melt
convection cells also appear to be an unsuitable interpretation, as melt solidiﬁcation should not permit such
structures to be retained. We present arguments in favor of salt or ice diapirism as honeycomb formation models.
Honeycomb-sized diapirs could be formed by a ~2 km thick salt layer (~72,000 km3 for the entire honeycomb
terrain), which might have been derived from the highlands north of Hellas Planitia—an area of abundant
chloride signatures and intense snowfall according to ancient Mars climate models. Nearby volcanic activity
~3.8 Ga ago potentially enabled recurring phases of (probably salty) meltwater runoff (as indicated by
meandering channels) and might therefore have enabled evaporite deposition in the Hellas basin. Being twice as
buoyant as salt, water ice would require an only ~1 km thick layer (i.e., ~36,000 km3) to form honeycomb-sized
diapirs, which would be in agreement with a likely ~2 km thick ice stability zone beneath the Hellas basin ﬂoor.
However, it would remain an open question as to why we ﬁnd only one such ice diapir landscape on Mars.

1. Introduction
The so called “honeycomb” terrain is a unique landscape on Mars that exclusively occurs on northwestern
Hellas Planitia (Figure 1). Covering ~36,000 km2 at elevations between 7000 and 7500 m, the honeycomb
terrain consists of a dense assemblage of up to ~14 km wide cell-like depressions. Early Viking-based studies
identifying a distinct surface texture of interconnected, rounded linear suggested the approximate area now
called honeycomb terrain (as well as the “reticulate” terrain along the western Hellas basin rim) to be a ﬁeld of
crescentic dunes [Leonard and Tanaka, 2001] or the imprints of icebergs lowered in soft lake sediments
[Moore and Wilhelms, 2001, 2007]. Closer inspection of higher-resolution data shows the honeycomb and
reticulate terrains to be morphologically distinct units and that eolian processes cannot explain the observed
characteristics of the honeycombs [e.g., Moore and Wilhelms, 2001; Bernhardt et al., 2016].
Other investigations of the honeycomb terrain discussed formation processes involving ductile deformation
or viscous ﬂow [Mangold and Allemand, 2003; Kite et al., 2009]. However, these interpretations were
motivated by observations within what has since been identiﬁed as “banded” [Thomas et al., 2010] or
“taffy-pull” [Hargitai and Kereszturi, 2014] terrain—another landform exclusively found in the Hellas basin. It
mostly occurs adjacent to the honeycomb terrain and is characterized by a smooth surface dissected by
mostly tens of meters wide, curvilinear troughs that sometimes form highly convoluted patches suggestive
of decameter-scale ductile deformation. Mangold and Allemand [2003] as well as Kite et al. [2009] assumed
the banded terrain to be part of the honeycomb terrain and therefore suggested kilometer-scale densitydriven overturn(s) within a fully ductile medium, e.g., deep crust doming or impact melt convection, as
formation processes. Diot et al. [2014, 2015, 2016], on the other hand, distinguished between both terrains,
suggesting the banded terrain is a superﬁcial unit possibly formed by gravity-driven ﬂow of ice-rich material.
As for the honeycomb terrain, several potential formation mechanisms, e.g., ice/salt diapirism, were brieﬂy
considered by Diot et al. [2016], albeit without thorough analyses or conclusive discussion.
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With such a wide range of drastically different formation scenarios, the implications the honeycomb terrain
has for the general climatic and geologic conditions in which it was emplaced, as well as for the geologic
history of the entire Hellas basin, remain unknown [Bernhardt et al., 2016]. This investigation assesses the
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Figure 1. Physiographic setting of the honeycomb, banded, and reticulate terrains within the Hellas basin. White arrows and
black boxes indicate the locations of subsequent ﬁgures. (a) Color-coded MOLA DEM with superposed extents of dark mantle
material, as well as the banded, honeycomb, and reticulate terrains within the western Hellas basin as mapped by Bernhardt et al.
[2016]. The black asterisk marks the deepest location on Mars ( 8204 m) on the ﬂoor of Badwater crater. A photogeological
map of the northern portion of this scene is shown in Figure 10a. (b) Context in (a) showing the entire Hellas basin. Black arrows
indicate the main wind direction according to the circulation model by Howard et al. [2012].

relation between the honeycomb and banded terrains and thoroughly evaluates the plausibility, as well as
implications of different formation scenarios for the honeycombs.

2. Topographic and Geologic Setting
Hellas Planitia is the ﬂoor of a major impact basin (~1700 × ~1300 km; centered at 68°E, 41°S) and the largest
topographic structure in the southern hemisphere of Mars [e.g., Wood and Head, 1976; Andrews-Hanna and
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Zuber, 2010]. The honeycomb terrain is situated on the northwestern Hellas basin ﬂoor (Figure 1), along the
southern edge of Peneus Palus, which is part of an up to ~500 km wide, annular (i.e., crescent-shaped) depression previously called “Hellas Planitia trough” (HPT) [Howard et al., 2012]. The HPT lies at an average elevation
of about 7500 m, i.e., ~1000 m lower than the remainder of Hellas Planitia, and stretches halfway around the
more elevated, hummocky basin center (previously called “central plateau/Alpheus Colles plateau”) [Moore
and Wilhelms, 2001].
The very low crater density of the honeycomb terrain (Figures 2 and 3) indicates an Amazonian surface age
[Leonard and Tanaka, 2001; Moore and Wilhelms, 2007; Tanaka et al., 2014]. However, most of it lies at lower
elevations than the surrounding wrinkle-ridged/rough plains (covering most of Peneus Palus), which show a
crater count-based absolute model age (AMA) of ~3.8 Ga [Bernhardt et al., 2016]. This, as well as some honeycombs being partially superposed by plains material along the otherwise diffuse contact (Figure 2, black
arrows), has led to an interpretation of the honeycomb terrain as a pre-3.8 Ga, Noachian unit that was completely covered soon after its emplacement and recently exhumed by winds [Bernhardt et al., 2016]. Estimates
for wind erosion rates on Mars [Greeley et al., 1984; Golombek and Bridges, 2000; Armstrong and Leovy, 2005;
Allen, 2008; Bridges et al., 2012] imply that a ~1 km deep depression like the HPT (including Peneus Palus)
might have been carved out within 50 to a few 100 Ma [Bernhardt et al., 2016]. Such intense deﬂation (likely
including saltation/abrasion) is implied by (1) model-predicted katabatic winds persistently moving clockwise
through the Hellas basin [Howard et al., 2012] (Figure 1b), (2) the wind canal-like conﬁnement by the HPT
[Colle and Mass, 2000; Sharp and Mass, 2002], and (3) the higher atmospheric pressures on the basin ﬂoor
[e.g., Howard et al., 2012]. This wind pattern is also consistent with dust devil tracks, yardangs, dunes, and
deﬂation pit-like elongate depressions on the ﬂoor of the HPT, which are mostly aligned parallel to the
adjacent basin ﬂoor outline [e.g., Balme et al., 2003; Bernhardt et al., 2016].
In contrast to the honeycomb terrain, the banded terrain extends onto the “central plateau/Alpheus Colles
plateau” [Moore and Wilhelms, 2001] which, in fact, is a mostly hummocky interior formation marked by a
~800-1,000 m drop-off toward the HPT (Figure 1). The bulk of the interior formation is a highly degraded,
partially mantled, hummocky landscape with an AMA of ~3.7 Ga and mass wasting aprons extending onto
the honeycomb terrain among others [Bernhardt et al., 2016]. No unambiguous characteristics indicating a
past standing body of water or ice have been identiﬁed within the interior formation (e.g., wide-scale layering
or shoreline features), which has been interpreted as deposits derived from Hesperia Planum via hydromagmatic and glacio-ﬂuvial processes [e.g., Raitala et al., 2004; Ivanov et al., 2005; Bernhardt et al., 2016]. Aside
from the main occurrence of banded terrain adjacent to the honeycomb terrain, banded surface textures
can also be observed on the opposite side of the HPT, i.e., along the western edge of the basin ﬂoor, mostly,
but not exclusively among the so called “reticulate” terrain (Figure 4a). Forming a ~490 km long and ~ 60 km
wide band along the western basin ﬂoor edge, this is another landscape unique to the Hellas basin and
characterized by up to ~200 m high and ~2.5 km wide ridges often forming a quasi-rectangular pattern
[e.g., Moore and Wilhelms, 2007; Bernhardt et al., 2016]. Previous authors suggested it to be another occurrence of the honeycomb terrain [Moore and Wilhelms, 2001], but more recent investigations identiﬁed it as a
morphologically distinct unit [Diot et al., 2015, 2016; Bernhardt et al., 2016]. Aside from that, two small-scale
occurrences of banded textures (few kilometer-wide patches) are located on the southeastern basin ﬂoor
(Figure 4b), i.e., ~1000 km away from the banded terrain’s main occurrences [Bernhardt et al., 2016].

3. Data
We employed a range of datasets for our investigation. Regional scale topographic analyses were performed
with the global digital elevation model (DEM) by the Mars Orbiter Laser Altimeter (MOLA; horizontal resolution of 463 m/pixel) [Smith et al., 2001]. Detailed morphological mapping was carried out on visible range
data by the Context Imager (CTX; ~6 m/pixel) [Malin et al., 2007] aboard the Mars Reconnaissance Orbiter
(MRO). CTX stereopairs were also used to create DEMs which, along with MOLA Precision Experiment Data
Records (along-track spacing 330 m, vertical resolution of ~1 m) [Zuber and Smith, 1992], delivered local-scale
topographic information. Detailed analyses were also performed on images by the High-Resolution Imaging
Science Experiment (HiRISE; 25–50 cm/pixel) [McEwen et al., 2007] aboard MRO. The Thermal Emission
Imaging System (THEMIS; spatial resolution ~100 m/pixel) [Christensen et al., 2004] aboard Mars Odyssey
2001 delivered an ideal basemap (THEMIS-IR global mosaic, version 12) as well as thermophysical data
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Figure 2. Mosaic of CTX images (middle) B17_016299_1441, G20_025925_1419, and P19_008572_1450, (right) MOLA DEM proﬁle (dashed line), and (left) a geomorphological map of the area. For the hummocky and plains units corresponding names of units by Bernhardt et al. [2016] are given in brackets. Mosaic location shown
in Figure 1. Black arrows indicate honeycombs partially superposed by plains material.
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Figure 3. To-scale CTX observations comparing four different areas within the honeycomb terrain (locations shown in Figures 1 and 2). (a–d) From southwest to
northeast, i.e., in a downwind direction according to the wind circulation model by Howard et al. [2012]. The scenes show consecutively less mantle material and
banded terrain superposing/ﬁlling the honeycombs. For a CTX DTM of the scene shown in Figure 3d see Figure 9.

(32 bit thermal inertia (TI) mosaic) [Fergason et al., 2006; Christensen et al., 2013]. All Mars data were retrieved
from the NASA Planetary Data System as well as from the Mars Image Explorer hosted by Arizona State
University. For our terrestrial analogs, we used Landsat 7 and 8 TerraColor mosaics, GeoEye-1 images, and
digital elevation models by the Advanced Spaceborne Thermal Emission and Reﬂection Radiometer
(ASTER) and the U.S. coastal relief model (CRM) by the National Oceanic and Atmospheric Administration
(NOAA). All Earth data were retrieved from bing.com and the EarthExplorer web interface of the United
States Geological Service.

4. Observations
The basis for our investigation is the 1:2,000,000 photogeological map of the Hellas basin ﬂoor by Bernhardt
et al. [2016]. It provides the outlines and occurrences of all discussed units and materials (Figure 1), i.e., the
banded terrain, the honeycomb terrain (Nh, “honeycomb member of the honeycomb formation”), the dark
mantle material (Amd), and the reticulate terrain (Ar).
4.1. Honeycomb Terrain
On the map by Bernhardt et al. [2016], the honeycomb terrain (unit Nh) has an area of ~36,000 km2 and its average elevations in the southeast and northwest are about 7,000 and 7,500 m, respectively, i.e., the unit gently
dips to the northeast at ~0.15°. The honeycomb terrain is formed by a regular and dense (i.e., edge-to-edge)
assemblage of cell-like depressions which never occur individually, i.e., they are never separated by more than
their average cell diameter. The depressions are mostly elliptical, up to ~170 m deep and up to ~14 and ~6 km
long and wide, respectively (Figures 2 and 3). Overall, cell dimensions do not deviate more than ± ~30% from
the average of ~10.5 × 5 km. The long to short axis ratios of the cells range between ~1 and ~4, with their long
axes always being concentric to the basin center.
In the west, coverage by dark mantling material as well as banded terrain is more prevalent and the outlines
of elongate cells are mostly curved, appearing kidney or bean shaped (Figures 3a and 3b). In the eastern half
of the unit, the honeycombs are relatively well pronounced and their habitus is mostly long axis symmetrical
(Figures 3c and 3d). The TI of the cell interiors is lower (<500 J m 2 K 1 s 1/2) than that of the cell-separating
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Figure 4. Observations of the banded terrain. North is up in all images. (a) Mosaic of CTX images P13_006199_1382 and P18_007913_1371 (location shown on
Figure 2). White arrows mark a circular arrangement of convoluted zones within the banded terrain. Several similar, quasi-circular features with similar diameters
(~5–10 km) can be found in multiple locations within the banded terrain. (b) Cropped HiRISE image ESP_025925_1420 showing details of a convoluted zone (top)
and ﬁssures perpendicular to the “bands” (black arrows). (c) Mosaic of CTX images P13_006199_1382 and P18_007913_137 showing banded terrain along the
southwestern edge of the interior formation (location indicated on Figure 1). (d) Zoom into Figure 4c showing hundreds of meter wide and tens of meter high “slabs”
of smooth material between the adjacent low-lying plains (bottom) and a zone of convoluted banded terrain (top).
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Figure 5. Observations of two cases of banded textures outside the main occurrence of the banded terrain (locations
shown in Figure 1). North is up in both images. (a) Cropped CTX image P16_007188_1374 showing a banded surface
texture forming circular arrangements among the reticulate terrain along the western edge of the Hellas Planitia trough.
(b) Cropped CTX image B20_017419_1329 containing an isolated occurrence of banded textures on the southeastern
basin ﬂoor. While this particular area is characterized by a form of banded terrain, we cannot exclude the possibility of a
different origin.

ridges (>500 J m 2 K 1 s 1/2; up to ~1300 J m 2 K 1 s 1/2). Absent superposing mantling or banded terrain,
the interiors appear very smooth (nearly featureless on CTX images), whereas the up to tens of meters high
and ~300 m to ~3 km wide ridges are often divided into subparallel, only tens of meters wide, self-similar
subridges. Some of the cell-separating ridges are partially covered by dark mantling material that sometimes
transitions into <2 km wide, inverted polygons (Figure 2, black lines; referred to as “reticulate terrain 2” by
Diot et al. [2016]).
Hyperspectral data by THEMIS-IR, as well as by the Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM) and the Observatoire pour la Minéralogie, l’Eau, les Glaces et l’Activité (OMEGA), were also investigated but did not reveal any distinct signatures correlated with the honeycomb terrain.
4.2. Banded Terrain
As both terrains have repeatedly been associated or even equated [e.g., Moore and Wilhelms, 2001; Mangold
and Allemand, 2003; Kite et al., 2009], a thorough investigation of the honeycomb terrain requires a review of
the banded terrain. The complex morphologic and textural characteristics of the banded (or “taffy-pull”) terrain have previously been described by Diot et al. [2014, 2015]. Here we summarize these results and complement them with several new observations. Diot et al. [2014, 2015] focused their investigations on the those
parts of the banded terrain where it is best manifested, mapping it over an area of ~12,000 km2, whereas
Bernhardt et al. [2016] identiﬁed it over an area of ~55,000 km2. The two main reasons for this discrepancy
are (1) Diot et al. [2014, 2015] mapped the honeycomb and banded terrains in an exclusive manner, i.e.,
the ﬁrst being overprinted by the latter was not recognized; and (2) only the main occurrence of the banded
terrain along the eastern and southern edge of the HPT was considered by Diot et al. [2014, 2015], although
areas in the southwestern basin (Figure 4), on the western edge of the HPT (Figure 5a), and over 1000 km
away in the southeastern basin (Figure 5b) also show a banded texture.
Occurrences of banded terrain are mostly, though not always, associated with distinctively higher TI
(>500 J m 2 K 1 s 1/2; up to ~1,700 J m 2 K 1 s 1/2) and a lower THEMIS-IR daytime albedo than their
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surroundings. Along the southern edge of the HPT (Figure 2), the banded terrain appears “intact” and the
widths of “bands” tend to be larger (Figures 4a and 4b). Further onto the interior formation, as well as in
the southwestern basin, it appears more “degraded” with a high abundance of knobby areas and thinner
“bands” (Figures 4c and 4d).
Contrary to Diot et al.’s [2014] description, we suggest that the deﬁning characteristic of the banded terrain
are not individual “bands” but a smooth surface dissected by shallow (<20 m), mostly subparallel, curvilinear
troughs, thereby merely giving the appearance of bands between them (Figures 4a and 4b). Previously called
“interbands” [Diot et al., 2014], the troughs have a crevice-like habitus, i.e., retaining a relatively constant
width (mostly between 10 and ~100 m; occasionally up to 200 m) over most of their extent and tapering
out toward their ends. In some locations, bands, i.e., the areas between subparallel troughs, show very shallow (submeter) and narrow (~5–30 m) transversal cracks (Figure 4b, black arrows). Trough spacing, i.e., the
widths of bands, is highly variable (few hundreds of meters to >10 km) but usually lies between ~200 and
~600 m. Troughs are almost always subparallel to each other and often form lamella-like patterns with
only few instances of near-perpendicular orientations. The arrangement of the troughs varies between
quasi-linear/curvilinear (more prevalent in the southwestern basin; Figure 4b) and arcuate/quasi-circular
(more prevalent in the northernmost portions of the banded terrain’s main occurrence and among the
reticulate terrain; Figure 5a). The majority of the troughs appears to be controlled by local topography
[Diot et al., 2014], albeit in varying ways; some are aligned nearly perpendicular to the topographic
gradient, while some larger, often elongate knobs (>1 km wide and ~100 m high; e.g., center of
Figure 4a) are surrounded by troughs that are seemingly parallel to the local slope.
Furthermore, there are mostly lentil-, wedge-, or triangle-shaped patches (widths between few hundreds of
meters to several kilometers) of densely packed convoluted troughs (Figure 2, dark blue area; Figures 4a and
4b). These zones of turbulent texture form a contrast to the surrounding banded terrain, whose bands are
always parallel to the curvilinear outlines of the convoluted zones. Within the zones, bands often consist of
multiple individual, parallel, low-relief (≲5 m) ridges at an average spacing of ~20–50 m [Kite et al., 2009].
Along the transition to the honeycomb terrain, the convoluted zones often line up in arcuate chains, sometimes forming ~5–10 km wide, quasi-circular patterns (Figure 4a, white arrows). Along the scarp delimiting
the interior formation to the southwest, the banded terrain is characterized by a relatively sharp contact to
the lower lying plains of the HPT (Figure 4c). Here convoluted zones of the banded terrain seemingly
“disintegrate” along the foot of the scarp, with several meters high and hundreds of meters wide slabs
apparently being detached from the main body (Figure 4d).

5. Discussion
5.1. Relation Between the Honeycomb and Banded Terrains
Although none of the honeycomb terrain formation scenarios considered in this investigation are based on a
speciﬁc interpretation of the banded terrain, we shall brieﬂy discuss potential relationships between both
landforms. In several previous investigations, the banded terrain was considered as a part of the honeycomb
terrain and interpreted as viscous material accommodating honeycomb-forming displacement processes
[Moore and Wilhelms, 2001; Mangold and Allemand, 2003; Kite et al., 2009]. In plan view, certain portions of
the banded terrain do indeed bear ﬁrst-order similarities to exposed halokinetic sequences, e.g., in the
Great Kavir, Iran (Figures 6a–6c) and might therefore indicate a salt diapir scenario for the honeycombs.
However, Diot et al. [2014, 2015] presented observations of numerous landforms of potentially periglacial
origin within the banded terrain, such as polygons, collapse pits and scallop-like depressions (Figure 6d).
Although those as well as our observations (main banded terrain occurrence extends hundreds of kilometers
away from the honeycomb terrain; Figure 1, as well as slab-like detachments; Figures 4c and 4d) appear to
support an interpretation of the banded terrain as a relatively thin, ice-rich, viscous surface layer, they might
still be in agreement with an interpretation as halokinetic sequences. The banded terrain might represent
outcrops of a potentially basin-wide evaporite deposit at different truncation levels, exhibiting
dissolution/withdrawal pits [e.g., Jackson et al., 1990] as well as salt glacier-like ﬂow forms [e.g., Jackson
et al., 1994]. However, as the small-scale morphology of terrestrial halokinetic sequences and the banded
terrain are different (Figures 6c and 6d), we tentatively favor a thin veneer interpretation of the latter and suggest that the interaction between the banded and honeycomb terrains is limited to superposition effects.
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Figure 6. Observations of the Great Kavir salt province in Iran, which was previously compared to the banded terrain [Kite
et al., 2009; Bernhardt et al., 2016]. (a) Cropped GeoEye-1 image 10504100021ED600 showing a group of “vortex domes,”
i.e., salt diapirs surrounded by “halokinetic sequences,” i.e., surface manifestations of truncated layers viscously deformed
by salt tectonics [Jackson et al., 1990]. The general texture formed by the sequences (alternating dark and bright, curvilinear
bands) bears some similarity to that of the banded terrain in the Hellas basin. (b) Structural model along the white, dashed
line shown in Figure 6a (freely after Jackson et al. [1990]). (c and d) Stratigraphy and small-scale morphology of the
halokinetic sequences of the Great Kavir (freely after [1] Jackson et al. [1990]) and the banded terrain of the Hellas basin
(based on the interpretation by [2] Diot et al. [2014, 2015]).

Such effects include concentric bands occurring where banded terrain material partially ﬁlls honeycombs
(e.g., Figure 2, striped areas) and could therefore be comparable to concentric crater ﬁlls found elsewhere
on Mars [e.g., Squyres and Carr, 1986; Levy et al., 2010]. Likewise, the fact that zones of convolution can be
aligned in a quasi-circular manner (e.g., Figure 4a) might be the effect of “ghost honeycombs,” i.e., immediately underlying honeycombs completely covered by banded terrain material. We also suggest that the
observed band-perpendicular cracks (Figure 4b) represent crevasse-like extension features formed by ﬂowinduced shear stresses in an ice-rich, viscous veneer [e.g., Benn and Evans, 2010]. While we cannot explain
why bands/troughs occur parallel as well as perpendicular to local slopes or how the zones of convolution
(e.g., Figure 4b, top edge) are formed, the generally taffy-like texture of the banded terrain may be due to
low-viscous, gravity-driven deformation of an ice-rich veneer under the conditions of the Hellas basin ﬂoor
(i.e., above the triple point of water) [Diot et al., 2014, 2015].
As already detailed in Bernhardt et al. [2016], we suggest that persistent katabatic winds moving down from
Malea Planum and then clockwise through the Hellas basin [Howard et al., 2012] (Figure 1b) might be a factor
controlling the extent of the banded terrain in a thin veneer scenario. It currently occurs along both sides of
the likely wind-carved HPT, which forms a crescent-shaped depression on the western basin ﬂoor. The formation of the HPT also exposed other units including the honeycomb terrain [Bernhardt et al., 2016] and would
thus offer an explanation why these two unique terrains are geographically associated.
5.2. Honeycomb Formation by (Peri)Glacial Processes
On Earth, clusters of quasi-circular depressions reminiscent of the honeycomb terrain can be formed by
(peri)glacial processes such as the deformation of subglacial sediments (till rings and wallow craters), as
well as the downwasting of superglacial sediments (thermokarst, including kettle holes) [e.g., Eyles et al.,
1999; Maizels, 1977; Grosse et al., 2013].
5.2.1. Till Rings and Wallow Craters
Moore and Wilhelms [2001] offered imprints by stationary, grounded icebergs, i.e., structures comparable to
terrestrial till rings or wallow craters, as an interpretation of the honeycombs on the Hellas basin ﬂoor. On
Earth, grounding structures left by icebergs can be up to ~1 km wide and ~30 m deep furrows created by keel
scouring in a lake or seabed but in most cases do not exceed scales of a few meters [e.g., Syvitski et al., 1983;
Allen, 1982; Benn and Evans, 2010]. Imprints by completely stagnant icebergs on the other hand are only
known within the context of jökulhlaups, where the catastrophic draining of a proglacial lake causes icebergs
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Figure 7. (Peri)glacial landforms on Earth and Mars that we investigated as potential analogs for the honeycomb terrain. North is up in all images. (a) TerraColor mosaic
(Landsat 7 and 8) showing tens of meters wide till rings formed in the late Pleistocene during the retreat of the Lethbridge glacier lobe in southern Alberta, Canada
(50.64°N, 110.43°E). We propose till rings to be the closest analog to the theoretical iceberg imprint model suggested by Moore and Wilhelms [2001]. (b) Portion of CTX
image P13_006265_1222 showing a ﬁeld of thermokarst depressions (“scallops”) north of Peneus Patera on Malea Planum, Mars ( 56.6°N, 57.6°E). (c) TerraColor mosaic
showing the thermokarst landscape west of Bolshoye Morskoye lake in the Chukochy Cape area, Yakutia, Russia (70.08°N, 158.10°E) [after Grosse et al., 2013]. The scene
shows up to ~7.5 km wide thermokarst holes, some of which are occupied by lakes. (d) TerraColor mosaic of an assemblage of ~200–1200 m wide ice-walled lake plains
east of Lake Witchekan, Saskatchewan, Canada (53.40°N, 107.36°E) [after Benn and Evans, 2010]. Occasionally forming densely packed groups whose extents do usually
2
not exceed ~100 km , though, ice-walled lake plains are the result of thermokarst holes among former permafrost or buried ice that has since disappeared and left a
depressed landscape surrounding elevated plains of lake clays [Clayton and Cherry, 1967; Benn and Evans, 2010].

to leave behind up to decameter-scale, irregularly shaped wallow craters at their grounding locations [Benn
and Evans, 2010]. Partially based on observations of the banded terrain (which was equated with the honeycomb terrain and interpreted as soft sediment deformation and water escape structures [e.g., Lowe, 1975]),
Moore and Wilhelms [2001] speculated that the honeycombs are formed by massive, stationary icebergs
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ﬂoating on a gradually disappearing lake and slowly subsiding into a soft substrate. Although there are no
terrestrial examples for this scenario, it is very similar to how till rings are thought to form, albeit with ice
blocks not suspended in water but resting on wet sediments [Eyles et al., 1999]. The formation of till rings (also
referred to as “doughnuts”) [Benn and Evans, 2010] requires no liquid water on the surface but suggests that
during the stagnant retreat of (parts of) a glacier (e.g., the late Pleistocene Lethbridge lobe in southern
Alberta, Canada; Figure 7a), the ice can disintegrate into clusters of individual blocks. Due to their drastically
increased height-to-width-ratios, these blocks may then sink into the substrate and thus leave “imprints” by
squeezing up the easily deformable sediments, e.g., wet and clay-rich till, between them [Eyles et al., 1999]. In
contrast to the honeycomb terrain, however, both terrestrial wallow craters and till rings are (1) usually not
shaped axis symmetrically, (2) do not form continuously dense, regular arrangements more than a few hundreds of meters across, (3) are generally not wider and deeper than ~100 m and ~25 m, respectively, and (4)
usually display a size variation of more than one order of magnitude within a given occurrence (although the
small size variation of the honeycombs might be attributed to exhumation/truncation). Assuming they were
indeed formed as imprints of foundering ice blocks reaching isostatic equilibrium, the maximum depth of the
honeycombs (~170 m) would imply blocks twice as high/thick (i.e., ~340 m) if we apply a common literature
value for the density of the wet underlying sediment of ~2 g/cm3, i.e., roughly twice the density of ice [Rhoton
et al., 1983].
5.2.1.1. Conclusion
The requirements of a till ring scenario (~340 m thick stagnant glacier and no body of liquid water) seem to be in
better agreement with the climatic and geologic environment of the ancient Hellas basin ﬂoor [e.g., Wordsworth
et al., 2012, 2015; Bernhardt et al., 2016] than those of an iceberg imprint/wallow crater scenario. Nevertheless,
we conclude that the morphometry and morphology of terrestrial analogs (nonsymmetric outlines, irregular
arrangements, and shallow depth) appear to be incompatible with those of the honeycomb terrain.
5.2.2. Thermokarst Holes
Thermokarst describes any landforms resulting from the deformation, e.g., downwasting, of material superposing ice or permafrost that is being lost to melting or sublimation [e.g., Benn and Evans, 2010; Grosse et al., 2013].
The loss of an ice-rich permafrost area (ice content of >30%) or a block of massive ice can result in an often
quasi-circular depression which, in the massive ice-case, is referred to as kettle hole (Figures 7b–7d) [e.g.,
Maizels, 1977, 1992; Grosse et al., 2013]. On Earth, thermokarst holes can occur in vast clusters extending over
~100,000 km2 (northern Siberia), reach individual diameters and depths of up to ~15 km and few tens of meters,
respectively, and are often ﬁlled with water, thereby forming so called thermokarst/kettle lakes [e.g., Benn and
Evans, 2010; Grosse et al., 2013]. Clusters of elongate thermokarst holes can also exhibit a preferred orientation,
possibly due to modiﬁcation by waves created by seasonal winds perpendicular to the common long axis
azimuth [Grosse et al., 2013]. Forming clusters extending over tens of thousands of square kilometers in the
midlatitudes of Mars, similarly shallow, often scallop-shaped depressions with diameters of up to several
kilometers, have accordingly been interpreted as insolation-driven sublimation thermokarst within the
latitude-dependent mantle [Morgenstern et al., 2007; Lefort et al., 2010; Ulrich et al., 2010; Zanetti et al., 2010].
5.2.2.1. Conclusion
Despite several shared parameters, e.g., comparable cell diameters and cluster extents, aligned elliptical shapes,
and their occurrences in the midlatitudes of Mars, thermokarst landscapes fall short of reproducing key characteristics of the honeycomb terrain: (1) Thermokarst depressions are always arranged chaotically, sometimes overlapping each other or leaving spaces in excess of their own diameters; the honeycomb terrain forms a mostly
regular, densely packed, but never overlapping assemblage. (2) Diameters of thermokarst depressions within
any given cluster on Mars and Earth vary substantially, usually by 2 orders of magnitude; the diameters of the
honeycombs vary by no more than ± ~30% (this might be attributed to honeycomb exhumation/truncation).
and (3) The depths of both Martian and terrestrial thermokarst depressions do not exceed few tens of meters;
in their current state, the honeycombs reach depths of ~170 m. Due to these discrepancies, we do not favor
an interpretation of the honeycomb terrain as a cluster of thermokarst depressions.
5.3. Honeycomb Formation by Upwelling
Based on the scale and texture of the honeycombs, as well as their geographical and morphological context
within the Hellas basin, upwelling has repeatedly been discussed, albeit very brieﬂy, as possible formation
mechanism [Mangold and Allemand, 2003; Kite et al., 2009; Diot et al., 2016]. Upwelling and eventual (multiple)
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Figure 8. To-scale comparison of terrestrial examples for basin-forming upwelling scenarios. (a, c, and e) North is up; white/red is high, and blue/green is low; dashed
black lines indicate traces of schematic cross sections (Figures 8b, 8d, and 8f). In Figure 8a shaded relief and color-coded digital elevation model (DEM) by the Advanced
Spaceborne Thermal Emission and Reﬂection Radiometer (ASTER) showing an anticline formed by an igneous diapir (granitic batholith) south of Mount Sheila in the
Pilbara craton, Western Australia. (b) Corresponding schematic cross section. In Figure 8c bathymetric terrain model derived from the U.S. coastal relief model (CRM) by
the National Oceanic and Atmospheric Administration (NOAA). It shows a portion of the salt-withdrawal basin landscape of the southwestern Sigsbee nappe off the
northern coast of the Gulf of Mexico. A perspective view including this scene can be seen in Figure 9. (d) Corresponding schematic cross section. In Figure 8e ASTER-DEM
and shaded relief showing a portion of the northern Flinders Ranges in South Australia. The scene is dominated by anticlines formed by diapiric evaporite-rich breccia,
whose soluble components have largely been removed on the surface [e.g., Tingate et al., 2007]. (f) Corresponding schematic cross section.
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overturn(s) caused by an inverted density stratiﬁcation (due to compositional and/or thermal layering) is involved
in a variety of geologic processes on Earth (Figure 8) [e.g., Berner et al., 1972] and possibly Mars, including the
emplacement of evaporite diapirs (forming domes/ridges of salt/gypsum/diapiric breccias) [e.g., Schultz-Ela
et al., 1993; Warren, 2006], plutonic/igneous diapirs (e.g., volcanic intrusions such as batholiths) [e.g., Marsh,
1982; Paterson and Fowler, 1994], and melt convection [e.g., Worster et al., 1990; Beckermann et al., 1999].
Moreover, ice diapirism has been proposed to explain landforms on Triton, as well as Europa and was tentatively
suggested for Mars, too [Schenk and Jackson, 1993; Croft et al., 1995; Rathbun, 1998; Brand et al., 2008].
5.3.1. Impact Melt Convection
Convection in melts and other solidifying liquids has been studied and modeled in various contexts [e.g.,
Turner, 1973; Worster et al., 1990; Beckermann et al., 1999], including the heat transfer within the ~1 km thick
Sudbury impact melt sheet (Sudbury Igneous Complex, SIC) in Canada [Zieg and Marsh, 2005]. As the most
efﬁcient mode of heat dissipation in a superheated impact melt being mainly cooled from above, convection
is not just likely, but theoretically inevitable, at least until the melt cools below the liquidus temperature and
conduction becomes more efﬁcient [Worster et al., 1990; Zieg and Marsh, 2005].
Similar to Mangold and Allemand [2003], Kite et al. [2009] combined observations from the honeycomb as well
as the banded terrains and brought forward convection in a Hellas impact melt sheet (or “melt sea”) as an
environment capable of producing the features characterizing both terrains. The three main observations
that lead Kite et al. [2009] to favor the impact melt hypothesis over other upwelling scenarios are (1) gamma
ray spectrometer (GRS) data indicating the honeycomb/banded terrain to have an apparently basaltic composition; (2) zones of convolution (within what is now identiﬁed as banded terrain) implying decameter-scale,
ductile deformation by multiple overturns, which are not expected for a purely diapiric (e.g., salt) scenario;
and (3) the location of the honeycomb terrain close to the deepest parts of the Hellas basin being consistent
with a ﬂat-topped, ~2 km thick melt sheet forming convection cells only where it is sufﬁciently thick.
Concerning (1): Using GRS data (~480 km footprint size) to interpret the honeycomb/banded terrain as basaltic
in nature and thus possibly impact melt [Kite et al., 2009] is questionable. GRS raw data have a footprint radius of
~240 km [Taylor et al., 2006], i.e., in the most ideal case the combined honeycomb and banded terrains would
only translate into a single signature. Furthermore, for the ofﬁcial map releases [Taylor et al., 2006; Boynton et al.,
2007], GRS data were averaged within 5° × 5° bins (comparable to the data footprint at the latitudes of the
Hellas basin) and then smoothed using a 10° boxcar ﬁlter. Therefore, any apparent heterogeneities within
the Hellas basin are most likely processing artifacts. Considering GRS data despite its insufﬁcient resolution seemingly indicates the honeycomb terrain to be within a larger area of higher K concentration (~0.4 wt %).
However, this area is only weakly correlated with the honeycomb terrain’s actual extent (~450 km × ~200 km)
and is part of a relatively homogeneous region of elevated K content that extends into the highlands northwest
of the Hellas basin [Taylor et al., 2006]. Not correlated with the honeycombs at all is the area with the highest
K/Th ratio on Mars (~9000/1), which lies approximately 200 km eastward and is possibly related to the outcrops
along Coronae Scopulus [Taylor et al., 2006; Bernhardt et al., 2016]. Additionally, the composition of impact melt
is mostly determined by the target rock and may therefore display various different signatures that would not
necessarily appear basaltic [e.g., Warren et al., 2005; Marion and Sylvester, 2010].
Concerning (2): Assuming the banded terrain to be genetically related to the honeycombs and to represent
the surface expression of deeply rooted structures, its highly convoluted zones might indeed indicate multiple overturns. However, terrestrial examples show that multiple overturns are not limited to low-viscosity
environments like impact melt sheets but can also occur along salt diapirs, e.g., in the Great Kavir, Iran
[Jackson et al., 1990]. Furthermore, structures like convolution and isoclinal folds can be produced without
multiple overturns, e.g., by interacting stress ﬁelds at triple junctions between salt or igneous diapirs [e.g.,
Jackson et al., 1990; Bouhallier et al., 1995].
Concerning (3): Bernhardt et al. [2016] investigated whether high thermal inertia outcrops (unit Nhti) on central and eastern Peneus Palus, i.e., on a similar stratigraphic level as the nearby honeycombs, could potentially
represent windows into the Hellas impact melt sheet. It was concluded that the initial crater depths and melt
volumes produced by such large impacts are not sufﬁciently well constrained. However, as pointed out in
Bernhardt et al. [2016], physical models and extrapolations [Melosh, 1989; Kring et al., 2012; Osinski and
Pierazzo, 2012] would theoretically be in agreement with a ~7 km thick melt sheet (Kite et al. [2009] originally
suggested ~2 km) in an initially ~15 km deep Hellas crater, i.e., a melt horizon up to the elevation of the
honeycomb terrain. Such a scenario would also be in agreement with the average honeycomb diameter of
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~6 km, which is close to the predicted diameter of convection cells in a ~7 km thick melt sheet (convection
cell diameters tend to be equal to their heights/thicknesses) [e.g., Manneville, 2006].
5.3.1.1. Preservation of Convection Structures
Assuming convection took place in an impact melt sheet ﬁlling the Hellas basin up to the approximate elevation
of the honeycomb terrain, the preservation, i.e., “recording,” of such upwelling structures would be the next crucial
step. On the Moon, occurrences of relatively fresh impact melt in environments lacking decisive subsequent
tectonic deformation can indeed contain “fossilized” ﬂuid movement that is now represented as solidiﬁed surface
morphology [e.g., Bray et al., 2010; Krüger et al., 2016]. However, no cell-like, periodic patterns reminiscent of
frozen convection have been identiﬁed, neither in such fresh melt pools [Bray et al., 2010] nor in the SIC in
Canada [Zieg and Marsh, 2005] or on the ﬂoors of other comparably sized basins in the solar system (e.g.,
South Pole-Aitken, Caloris, Imbrium, Isidis, and Argyre) [e.g., Andrews-Hanna and Zuber, 2010]. Although this
absence of exposed impact melt on the ﬂoors of major basins can be explained by subsequent modiﬁcation,
it is unlikely that convection cell patterns can be preserved without “shock freezing” the melt body. Even
subaerial melt pools or sheets (i.e., assuming no immediate burial by ejecta) which effectively lose heat via
convection, would quickly develop a ﬂoating, isolating crust [Worster et al., 1990]. For instance, after
~15,000 years, the bottom and top of a ~1 km thick melt sheet would each have accumulated ~400 m of solid
material, thereby sandwiching the remaining ~200 m of liquid [Worster et al., 1990]. As ongoing convection
lowers the temperature evenly within the remnant melt sheet until the liquidus (~1200°C for basalt) is
reached, this accumulation of crystals from all over the melt body happens gradual and would not record
any convection patterns. Below the liquidus, viscosity increases and conduction becomes more efﬁcient
for dissipating heat, causing laminar upwelling, i.e., convection to cease [Worster et al., 1990]. While ﬂow patterns
can be fossilized during this ﬁnal phase of solidiﬁcation, e.g., in the lunar melt pools [Bray et al., 2010], convection
cells are not existing anymore and therefore cannot be preserved [e.g., Marsh, 2000; Zieg and Marsh, 2005].
5.3.1.2. Conclusion
Although physical models of impact melt production and convection cell size might theoretically permit an
interpretation of the honeycombs as fossilized melt convection cells, patterns of thermal upwelling in a cooling melt cannot be preserved and, thus, are unsuitable to explain the formation of the honeycomb terrain.
5.3.2. Igneous Diapirism
The intrusion of plutons, i.e., “igneous diapirs,” can cause vertical tectonism in the lower crust of the Earth [e.
g., Marsh, 1982; Paterson and Fowler, 1994]. With diameters of several kilometers or more such diapirs are
referred to as batholiths, which, among others, occur in the cratons of Zimbabwe [Ramsay, 1989], western
India [Bouhallier et al., 1995; Chardon et al., 2008], and northwestern Australia [Hickman, 1983; Blight et al.,
1996]. In these cases, swarms of batholiths ascended as densely packed, granitic canopies and, after being
exposed and truncated by crustal uplift and erosion, now form curvilinear, cell-like patterns [e.g., Ramsay,
1989]. Mangold and Allemand [2003] likened these arrangements to the pattern formed by the honeycombs
on the Hellas basin ﬂoor and interpreted the convoluted zones of the banded terrain (which was regarded as
a part of the honeycomb terrain) as foliation triple junctions, which occur in the space between three batholiths [e.g., Paterson and Fowler, 1994; Bouhallier et al., 1995]. However, while granitic, “buoyant” rocks
required for such a scenario have been identiﬁed on Mars [Bandﬁeld et al., 2004; Wray et al., 2013; Sautter
et al., 2015], terrestrial batholith canopies are interpreted as the result of ancient back-arc volcanism driven
by plate tectonics [e.g., Kusky, 1998]. On Mars, any potential plate tectonism is thought to have ceased before
the formation of the Hellas basin [e.g., Nimmo and Stevenson, 2000]. However, as parts of the early Martian
crust and mantle might have been relatively volatile rich [e.g., Dreibus and Wänke, 1987; McSween et al., 2001],
i.e., buoyant, the possibility that batholith canopies formed on Mars without a back-arc setting should not be
fully discounted. Nevertheless, terrestrial batholith canopies have little or no topographic expression, i.e., do
not produce a honeycomb-like basin range assemblage. While thermal subsidence of an igneous diapir
and/or surrounding erosion-resistant contact aureoles (metamorphosed and/or migmatized country rock)
can result in a ridge-bound basin ranging in diameter from ~10–100 km (Figures 8a and 8b), they do not
occur in regular, dense assemblages on Earth [e.g., Hickman, 1983; Blight et al., 1996].
Assuming the honeycombs do indeed represent truncated igneous diapirs, their morphology and map view
dimensions permit few deductions as the surface expressions of igneous diapirs are the result of substantial
modiﬁcation by erosion [e.g., Paterson and Fowler, 1994]. Nevertheless, while the general shape of an ascending
body of magma may vary between sheet-like sills, spheroids, and vertical stocks [e.g., Marsh, 1982; Paterson and
Fowler, 1994], a roughly spherical or drop-like shape might be possible in the case of the cell-like honeycombs,
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which would in turn imply heights that are comparable to the diameters (~6–14 km). When multiplied by the
extent of the honeycomb terrain, this would result in a volume of ~216,000–504,000 km3 for the entire pluton
canopy. The sinuous outlines of the honeycombs and their apparent mutual interaction would also suggest a
formation in a ductile environment, making stoping, i.e., brittle displacement [Marsh, 1982], an unlikely
ascension mechanism. This would, in turn, imply that the magma diapir was able to heat its wall rocks
(i.e., its immediate surroundings) above the solidus, thereby sufﬁciently decreasing their viscosity
[Marsh, 1982]. Assuming dry basalt as a proxy for the Martian crust, this temperature would be around
1000 K [e.g., Moore and Webb, 2013]—a temperature which batholiths, i.e., large igneous diapirs with
diameters ≥10 km, might be able to maintain during the entire ascent [Marsh, 1982].
5.3.2.1. Conclusion
We maintain that truncated batholith canopies on Earth can have a textural surface pattern similar to the
honeycomb terrain. However, they do not result in topographically pronounced, dense, and regular basin range
assemblages and, absent post-Hellas back-arc volcanism, the formation of batholith canopies on Mars remains
speculative. Thus, we do not favor igneous diapirism as a formation model for the honeycomb terrain.
5.3.3. Salt Diapirism
Terrestrial salt diapirism is a common process and—mostly due to its signiﬁcance for hydrocarbon reservoirs
—a well-studied phenomenon [e.g., Lehner, 1969; Jackson et al., 1990; van Gent et al., 2011]. It occurs in a variety of tectonic and geographic settings [e.g., Jackson and Vendeville, 1994; Reid and Preiss, 1999; Turcotte and
Schubert, 2014; Rowan et al., 2003] and can produce several characteristic landforms including domes/knolls
surrounded by halokinetic sequences (Figures 6a–6c) [e.g., Lehner, 1969; Jackson et al., 1990; Rowan et al.,
2003], withdrawal basins (Figures 8c and 8d) [e.g., Peel et al., 1995; Diegel et al., 1995; Peel, 2014], and dissolution basins (Figures 8e and 8f) [e.g., Reid and Preiss, 1999; Tingate et al., 2007]. As for Mars, evaporite diapirism
has been suggested as a cause for dome-like landforms in Pollack crater [Hoffman, 1999], Hebes Chasma
[Adams et al., 2009], as well as in the area around Athabasca Valles [Pozzobon et al., 2015]. Furthermore,
spectral signatures for chlorides, possibly including rock salt, have been observed in a multitude of locations
all over the southern, Noachian highlands [Osterloo et al., 2008, 2010; Jensen and Glotch, 2011]. Previous
investigations of the Hellas basin ﬂoor [Mangold and Allemand, 2003; Kite et al., 2009; Diot et al., 2016] brieﬂy
addressed the possibility of the honeycomb and banded terrains representing the surface expression of a
truncated salt canopy, but did not speciﬁcally favor such a scenario (see sections 5.3.1. and 5.3.2.).
Mangold and Allemand’s [2003] main argument against salt diapirism was that the banded terrain (then
considered part of the honeycomb terrain) apparently lacks brittle deformation signatures, which are
expected in the relatively cold (<100°C), stretched overburden material being uplifted by a rising salt
diapir [Turcotte and Schubert, 2014]. However, HiRISE images reveal at least some areas within the banded
terrain to be cut by band-perpendicular ﬁssures, indicating band-parallel extension accommodated by
brittle faulting (Figure 4b, black arrows). While we interpret these cracks as crevasse-like features in a
volatile-rich veneer, they could hypothetically represent diapir-driven brittle deformation signatures
under the assumption that the banded and honeycomb terrains are genetically related. Furthermore,
while some salt diapir models predict brittle deformation and faulting within the overburden material
[e.g., Vendeville and Jackson, 1992; Daudré and Cloetingh, 1994], other models also allow for ductile deformation
accommodating overburden displacement [Poliakov et al., 1996]. Lastly, it is important to note that even
detailed observations of vast truncated salt canopies including exposed halokinetic sequences on Earth, e.g.,
in the Great Kavir, Iran [Jackson et al., 1990], do not always reveal unambiguous surface expressions of faulting,
i.e., brittle deformation.
Kite et al.’s [2009] major argument against salt diapirism on the Hellas basin ﬂoor was the very large volume of
salt-saturated water (“several hundreds of meters of global equivalence layer”) that would be required to
form the salt deposits implied by the vast extent of the honeycomb terrain. However, as it is shown in the
following section, both the required water volume and the associated deposition time scales might be
compatible to current models of the early Martian environment.
5.3.3.1. Plausibility of Vast Evaporite Deposits in the Hellas Basin
Based on comparisons to terrestrial salt provinces, we suggest constraints for the amounts of water and time
required to form evaporite deposits capable of producing a salt canopy that would resemble the honeycomb
terrain. An average diapir spacing of ~5–10 km would be implied, if the interiors of the honeycombs are either
withdrawal basins surrounded by salt diapirs (Figures 8c and 8d and 9; like the Sigsbee nappe, Gulf of Mexico)
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Figure 9. Morphological comparison of the honeycomb terrain on the Hellas basin ﬂoor and the salt landscape of the Sigsbee
nappe, Gulf of Mexico. North is up in both images; illumination from the upper left corner; ﬁve times vertical exaggeration. (a)
Perspective view of a portion of CTX image G18_025160_1445 (location indicated in Figure 1) using a DEM based on stereo
image pairs P19_008361_1443 and G18_025160_1445 as well as P17_007860_1462 and G18_025160_1445. The scene shows
a portion of the eastern, morphologically more pronounced honeycomb terrain. The view is dominated by up to ~170 m deep,
mostly elongate, SW-NE aligned honeycombs with long axis between ~10 and ~14 km and short axis between ~3 and ~6 km.
(b) Perspective view of a hillshaded DEM based on the bathymetric terrain model derived from the U.S. coastal relief model
(CRM) by the National Oceanic and Atmospheric Administration (NOAA). The scene shows a portion of the southern Sigsbee
nappe in the Gulf of Mexico, which is dominated by the withdrawal basins formed by a canopy of salt diapirs/ridges (Figures 8c
and 8d).

[e.g., Diegel et al., 1995] or diapiric breccia-domes inverted by progressed salt dissolution (Figures 8e and 8f; like
the Flinders Ranges, Australia) [e.g., Reid and Preiss, 1999; Tingate et al., 2007]. Based on ﬂuid dynamics and the
most effective wavelength of overturn in an inverted density setting, Turcotte and Schubert [2014] derived that
the average diapir spacing is close to ~2.6 times the thickness of the overburden. Adapting an average honeycomb spacing of ~5–10 km, the ancient overburden (parts of which have most likely been removed by erosion)
should have been ~2–4 km thick. Excluding special cases of purely “reactive” salt diapirism enabled by an extensional tectonic regime [Daudré and Cloetingh, 1994; Jackson and Vendeville, 1994], the moderate buoyancy created by the relatively small density contrast between salt and its overburden (e.g., sediments or basalt) causes
the overburden-salt thicknesses ratio to be close to 1 [Turcotte and Schubert, 2014]. This relationship is reﬂected
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in laboratory experiments and geophysical data of the major salt provinces on Earth [e.g., Jackson et al., 1990;
Diegel et al., 1995; van Gent et al., 2011] and would imply that honeycomb formation required a minimum salt
layer thickness of ~2 km in order to penetrate the ~2–4 km of overburden. As the modern-day honeycomb
terrain covers an area of ~36,000 km2 [Bernhardt et al., 2016], a minimum salt volume of ~72,000 km3 is thus
implied, which would be comparable to major salt provinces on Earth, e.g., the Sigsbee nappe in the Gulf of
Mexico (>300,000 km3) [Diegel et al., 1995], the Zechstein evaporites in Europe (~90,000–200,000 km3) [RichterBernburg, 1953; Taylor, 1998] or the Great Kavir in Iran (>50,000 km3) [Jackson et al., 1990]. As the salt layers of terrestrial provinces are usually >90% pure [e.g., Lehner, 1969; Kirkland and Gerhard, 1971; Jackson et al., 1990], we
simply assume 72,000 km3 of pure rock salt (ρ = 2.168 g/cm3), i.e., ~1.561 × 1017 kg. Since saturation in a brine
is reached at a salinity of ~300–350 g/liter, e.g., in the Dead Sea or the Don Juan Pond in Antarctica [Marion,
1997; Schreiber and El Tabakh, 2000; Lensky et al., 2005], an absolute minimum of ~5.203 × 1017 liters (~3.5 m
Mars global equivalence layer) of hypersaline water needs to be evaporated to form such an amount of salt.
The time required to evaporate a given water volume is deﬁned by the evaporation rate, which depends on factors such as atmospheric pressure and humidity, air and water temperatures, any potential ice coverage, as well
as the intensity of winds [e.g., Lensky et al., 2005; Babkin, 2009]—all of which are largely unknown for early Mars.
On Earth, average evaporation rates vary between ~75 liters/m2/yr (polar regions with average ice cover etc.) and
~2,000 liters/m2/year (equatorial regions) [Babkin, 2009]. Simply applying these modern-day terrestrial values to
the minimum areal extent of a recurring Hellas sea/lake (~3.6 × 1010 m2, i.e., the extent of honeycomb terrain) and
the calculated minimum volume of required salt-saturated water (~5.203 × 1017 liters) yields evaporation
periods of ~190,000 years and ~7,200 years, respectively. However, major salt provinces on Earth were not
formed by the singular evaporation of a saturated brine, but by evaporation cycles of repeatedly reﬁlled basins
[e.g., Richter-Bernburg, 1953; Krijgsman et al., 1999]. For reference, the total water volume which was involved in
the deposition of the Zechstein evaporites in Europe (~90,000–200,000 km3 of salt; comparable to potential
~72,000 km3 of honeycomb terrain), i.e., the accumulated volume of water that was evaporated over the course
of ~8 Ma during the late Permian, is estimated at ~7.5 × 1020 liters (~200 times the current water volume in the
Mediterranean Sea) [Richter-Bernburg, 1953; Taylor, 1998; Turcotte and Schubert, 2014; van Gent et al., 2011].
Although this volume corresponds to over 1000 times the minimum brine volume we derived for the Hellas
honeycombs, a similar process including repeated evaporation and reﬁlling of a lake/sea might have taken
place over a comparable amount of time in the Hellas basin. Periods of evaporite formation on Earth are often
limited by tectonic processes, which may close and reopen basins, as it was the case for the Mediterranean
during the Messinian salinity crisis/late Neogene [Krijgsman et al., 1999], as well as the Southern Permian
Basin during the Zechstein/late Permian [Kiersnowski et al., 1995; van Wees et al., 2000]. Absent plate tectonics,
the general geometric setup of the Hellas basin on Mars, however, has most likely remained unchanged since its
formation, therefore providing a stable closed basin environment conducive to evaporite deposition.
Models for the ancient climate on Mars, which are based on a ~25% dimmer early sun [Gough, 1981], probability calculations indicating a higher mean obliquity of 41.8° [Laskar et al., 2004], as well as higher atmospheric pressures around 0.6–1.5 bars [e.g., Phillips et al., 2001; Grott et al., 2011], suggest that ambient
temperatures never rose above the freezing point of water [Ramirez et al., 2013; Wordsworth et al., 2015].
While the northern Hellas basin ﬂoor, i.e., the location of the honeycomb terrain, is predicted as the warmest
(~250–260°K annual average) location on Mars within such “cold and icy” Noachian climate models
[Wordsworth et al., 2012, 2015], recurring short-term events like obliquity excursions, volcanic eruptions,
and large impacts likely had the potential to temporarily (~100 years) increase surface temperatures beyond
the freezing point of water [e.g., Halevy and Head, 2014; von Paris et al., 2014]. As the highlands immediately
north of the Hellas basin were identiﬁed as main areas of precipitation (snow) within the climate models
[Wordsworth et al., 2012, 2015], one or several protracted period(s) of meltwater runoff might have been
enabled by activity of the circum-Hellas volcanic provinces ~3.8 Ga ago [e.g., Williams et al., 2009;
Bernhardt et al., 2016]. This is indicated by vast sequences of meter-scale, horizontally layered material occurring all along the northern edge of the Hellas basin ﬂoor (Figure 10, turquoise units) and containing remnants
of meandering channels, whose stratigraphic location indicates a formation >3.8 Ga ago [Bernhardt et al.,
2016]. As multiple chloride signatures have been identiﬁed in the highlands north of the Hellas basin
[Osterloo et al., 2008, 2010; Jensen and Glotch, 2011], these channels might have transported large amounts
of chloride-rich (i.e., likely salty) water into the Hellas basin. Here the salt required for later honeycomb

BERNHARDT ET AL.

HELLAS’ HONEYCOMBS AS SALT/ICE DIAPIRS

730

Journal of Geophysical Research: Planets

10.1002/2016JE005007

Figure 10. Illustration of our stratigraphic model for the honeycomb terrain assuming the banded terrain to be a thin
veneer. (a) Portion of Bernhardt et al.’s [2016] photogeological map of the Hellas basin ﬂoor (north is up). The scene
(northern part of Figure 1a) shows the honeycomb terrain (purple; Nh), the banded terrain (blue stripes) and surrounding
units, e.g., the wrinkle-ridged/rough plains (dark/light salmon pink; Npwr1/r), the dark mantle material (grey; Amd), the
hummocky member of the interior formation (light olive; Hih), the reticulate terrain (pink; Ar) and the layered rim materials
(dark/light turquoise; Nli/Nld). The black line indicates the trace of the proﬁle (A-A′) shown in Figure 10b. (b) Schematic
illustration of the stratigraphic model we propose for the honeycomb terrain (salt or ice diapirism scenario). The saw toothshaped contact between the layered (turquoise) and diapiric materials (rectangular pattern) indicates an unspeciﬁed
unconformity. The layered material was likely deposited as sediments transported by channels from the adjacent highlands
into the northern Hellas basin [Bernhardt et al., 2016]. For a salt diapirism scenario, we suggest that a ~2 km thick salt layer
was deposited by the same sources (see section 5.3.3). For an ice diapirism scenario, the channels might have contributed
to the accumulation of a ~1 km thick layer of eventually upwelling water ice (see section 5.3.4).
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formation (Figure 10b, rectangular pattern) would then have been deposited by evaporation and/or sublimation of the recurring bodies of water and ice. Geologic evidence for these accumulations of water/ice is
absent, as it would have been destroyed by the subsequent emplacement of wrinkle-ridged plains that
now cover most of Peneus Palus and possibly constitute the bulk of the (partially eroded) ~2–4 km thick overburden [e.g., Williams et al., 2009; Bernhardt et al., 2016]. Such an interplay of (1) a source region (chloride-rich
highlands north of Hellas as possible sites of intense snowfall), (2) nearby volcanic activity potentially
enabling meltwater runoff [e.g., Halevy and Head, 2014], and (3) later, intense deﬂation excavating the honeycomb terrain [Howard et al., 2012], might also be responsible for the lack of similar landscapes on the ﬂoors
of other large Martian basins, e.g., Argyre and Isidis Planitiae.
5.3.3.2. Conclusion
As we have laid out, neither the apparent lack of visible brittle deformation signatures [Mangold and Allemand,
2003] nor the amount of required salt/salt water [Kite et al., 2009] appears to be explicit obstacles for a salt diapirism hypothesis. Assuming a scenario of recurring evaporation/sublimation and reﬁlling, an accumulation of salt
volumes necessary for honeycomb-forming diapirism seems to be compatible with both the geologic setting as
well as ancient Mars climate models. Therefore, and due to its morphological similarity to the salt landscape of
the southern Sigsbee nappe, Gulf of Mexico (Figure 9), we propose a landscape of withdrawal basins [e.g., Peel,
2014] formed by a canopy of salt diapirs to be a viable interpretation of the honeycomb terrain (Figure 10b).
5.3.4. Ice Diapirism
Ice diapirism does not occur on Earth (pingo formation does not involve true diapirism) [e.g., Benn and Evans,
2010] and is not a well-studied phenomenon. Nevertheless, it has been employed to explain isolated, dome-like
features on Europa [Rathbun, 1998] as well as the “Cantaloupe terrain” in Triton’s Bubembe and Monad
Regiones [Schenk and Jackson, 1993; Croft et al., 1995]. Despite their different surface expressions, the salt diapirs
of the Great Kavir in Iran (Figures 6a and 6b) were investigated as structural analogs for the Cantaloupe terrain,
i.e., multiphase diapirs surrounded by a compressed matrix [Schenk and Jackson, 1993]. As was already noted by
Diot et al. [2016], who considered ice diapirism as a potential formation process for the honeycombs on the
Hellas basin ﬂoor, they bear many morphometric and morphologic similarities to the cell-like basins characterizing Triton’s Cantaloupe terrain: Comparable width-length and width-depth ratios, smooth interiors separated
by rougher ridges, and a dense, regular assemblage forming a cellular pattern. However, the Cantaloupe basins
are almost three times larger than the honeycombs and the effects of differences in ice temperature and ice
composition are mostly unknown [Schenk and Jackson, 1993; Diot et al., 2016]. Nevertheless, numeric modeling
suggests ice diapirism to be possible under Martian conditions, potentially forming upwelling structures with
diameters of ~2–20 km, i.e., honeycomb-like dimensions [Brand et al., 2008]. Below, we investigate the plausibility of hypothetical ice diapirism in the Hellas basin based on the two decisive factors that set it apart from
igneous or salt diapirism: (1) The stark density contrast between water ice and rock and (2) the relatively small
stability range for water ice in a planetary crust.
Given the low density (ρ = 917 g/cm3) and therefore high buoyancy of water ice beneath materials like basalt
(~2900 g/cm3) or sandstone (~2200–2800 g/cm3), numeric models [Brand et al., 2008] indicate that
honeycomb-sized, ~10 km wide diapir structures could be created by an ice layer of ~1 km thickness beneath
up to ~2 km of overburden (the main impact of overburden thickness is only on the ascent time of the ice
diapirs). The average, modern geothermal gradient for Mars is estimated to be ~10–12 K km 1 [Hoffman,
2001; Montési and Zuber, 2003], which would allow water ice to be stable down to ~5 km assuming a surface
temperature of 220°K [e.g., Clifford et al., 2010]. However, within the thin crust of the Hellas basin ﬂoor
(<10 km; Martian average is ~50 km) the geothermal gradient is likely to be steeper [Zuber, 2001].
Assuming a ﬁve times steeper geothermal gradient of around 50–60 K km 1 and a surface temperature of
220°K would therefore allow water ice to exist down to a depth of ~1 km. As the geothermal gradient can
be reduced by almost 50% in ice-saturated soils due to the relatively high thermal conductivity of water
ice [Hoffman, 2001], the stability limit could extend down to ~2 km. Thus, a ~1–2 km thick stability zone could
accommodate a ~1 km thick ice layer capable of producing honeycomb-sized diapirs which, as we showed in
the previous section, is only half the thickness a pure salt layer would require. The ice residing in the Hellas
basin might have originated as a glacier directly fed by the surrounding highlands and/or indirectly by water
transported in channels traversing the northern basin rim [Bernhardt et al., 2016] (as indicated in Figure 10b).
Alternative ice sources might include in situ atmospheric deposition or groundwater sapping causing the
formation of vast aufeis [e.g., Wordsworth et al., 2012, 2015; Bernhardt et al., 2016]. However, it is important
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to note that while water ice is believed to be abundant on modern and ancient Mars [e.g., Rossbacher and
Judson, 1981; Bandﬁeld, 2007], the honeycomb terrain is unique. The reason for this would be unclear, but
possible explanations might include the unique climatic conditions of the Hellas basin ﬂoor (above the triple
point of water) and/or that the sufﬁciently deep burial of a ~1 km thick ice layer might be a rare process in
Mars’ history. Depending on the density contrast, i.e., the nature of the overburden material, numeric models
by Brand et al. [2008] suggest that ascent times for ice diapirs might be as short as a few Ma if both the ice
and the overburden layers are equally thick. Although the ice could have been buried gradually by
sediments, it has been demonstrated that water ice can also be covered by lava [Edwards et al., 2013]. In
the case of the Hellas basin, this might have occurred as part of the emplacement of ~1 km thick wrinkle-ridged
plains ~3.8 Ga ago [Bernhardt et al., 2016], which cover most of Peneus Palus and still partially superpose several
honeycombs (Figure 2, black arrows).
5.3.4.1. Conclusion
As it is twice as buoyant, a diapirism scenario involving water ice would require a layer only half as thick (i.e.,
~1 km) compared to that of a salt scenario. Due to this, as well as water ice potentially being stable down to
~2 km within the crust beneath the Hellas basin ﬂoor, we argue that ice diapirism is a viable model for the
formation of the honeycomb terrain (Figure 10b). It would then be unclear, however, as to why there is only
one such landscape on a planet as abundant in water ice as Mars [e.g., Clifford et al., 2010; Dundas and Byrne,
2010; Carr and Head, 2015].

6. Conclusions
Previous observations by Diot et al. [2014, 2015] (e.g., landforms of potentially periglacial origin such as polygons, collapse pits, and scallop-like depressions) as well as new observations presented in this study (e.g.,
slab-like detachments) seem to indicate that the banded terrain is a veneer of volatile-rich material.
However, salt-related processes (e.g., dissolution/withdrawal pits and salt glacier-like ﬂow forms) might also
explain those observations and the banded terrain shares certain textural similarities with halokinetic
sequences on Earth (kilometer-scale, curvilinear, parallel lineations). Although such an interpretation would
be in agreement with a salt diapir origin of the honeycomb terrain, the small-scale morphology of the banded
terrain and terrestrial halokinetic sequences is different. Therefore, we tentatively favor an interpretation of
the banded terrain as thin veneer that is genetically unrelated to the honeycomb terrain.
Independent from a genetic association of the banded and honeycomb terrains, we conducted thorough,
quantitative plausibility studies of various potential formation mechanisms (Table 1) for the unique honeycomb terrain on the Hellas basin ﬂoor. Based on our ﬁndings, we found that (peri)glacial formation scenarios
involving till rings, wallow craters/iceberg imprints [Moore and Wilhelms, 2001], or thermokarst depressions
cannot explain key features of the honeycomb terrain (e.g., the cell depths and their regular and dense
assemblage). An interpretation as fossilized impact melt convection cells [Kite et al., 2009] is problematic as
melt solidiﬁcation should not permit such structures to be retained. A canopy of igneous diapirs also seems
to be an unsuitable model. Terrestrial analogs of such structures likely originate from ancient back-arc volcanism driven by plate tectonics, which, if they ever occured on Mars, are thought to have ceased before the formation the Hellas basin [e.g., Nimmo and Stevenson, 2000]. Furthermore, truncated igneous diapir canopies
do not form honeycomb-like (morphologically pronounced, dense, and regular) basin range assemblages
on Earth.
As for a formation of the honeycombs by salt diapirs, we argue that neither the apparent lack of visible brittle
deformation signatures [Mangold and Allemand, 2003] nor the potentially required amount of salt/salt water
[Kite et al., 2009] necessarily speak against such a scenario. Moreover, we offered an explanation of how the honeycomb terrain might have been formed by a ~2 km thick salt layer (~72,000 km3). Similarly sized salt provinces on
Earth, e.g., the Zechstein evaporites, are formed by recurring sequences of evaporation and reﬁlling of a
basin with salt water. The following considerations are in agreement with a similar scenario with respect
to the honeycomb terrain: (1) The highlands north of Hellas show multiple chloride signatures, i.e., are
potentially rich in salt [Osterloo et al., 2008, 2010; Jensen and Glotch, 2011]; (2) Ancient Mars climate models
indicate these northern highlands were a region of intense snowfall [Wordsworth et al., 2012, 2015] and
warming events like nearby volcanic activity ~3.8 Ga ago [e.g., Bernhardt et al., 2016] potentially enabled
phases of meltwater runoff [e.g., Halevy and Head, 2014; von Paris et al., 2014]; (3) Remnants of meandering
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channels among layered deposits, whose stratigraphic positions are compatible with a formation ~3.8 Ga
ago, indicate water transport from these highlands into the northern Hellas basin [Bernhardt et al., 2016];
(4) The honeycomb terrain bears great morphological similarity to the salt-withdrawal basin landscape of
the southern Sigsbee nappe, Gulf of Mexico (Figure 9). We therefore argue that an interpretation of the honeycomb terrain as a landscape formed by a salt diapir canopy (Figure 10) is viable. Its uniqueness on Mars
might be explained by an interplay of conducive factors, e.g., a nearby source region for the required salt
combined with the ancient climatic conditions in and around Hellas Planitia, as well as later exhumation.
In addition to salt diapirism, we laid out how ice diapirism, which was ﬁrst considered by Diot et al. [2016] as
formation process for the honeycomb terrain, could be a viable alternative. Being twice as buoyant as salt, a
~1 km thick water ice layer (i.e., ~36,000 km3) would have been sufﬁcient to form honeycomb-sized diapirs.
Such a layer could be buried beneath ~1 km of overburden, since numeric models [Brand et al., 2008] indicate
water ice to be stable to a depth of ~2 km beneath the Hellas basin ﬂoor. As ice can be covered by lava, this
might have occurred during the emplacement of ~1 km thick wrinkle-ridged plains ~3.8 Ga ago [e.g.,
Bernhardt et al., 2016]. However, as Mars is thought to be abundant in water ice, both in the past and at
present [e.g., Clifford et al., 2010; Dundas and Byrne, 2010; Carr and Head, 2015], it would be an open question
as to why we ﬁnd only one such ice diapir landscape on the entire planet.
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Erratum
In the originally published version of this paper, there were multiple typesetting errors present that do not
affect the outcome or conclusions of this paper. These errors have since been corrected and this version
may be considered the authoritative version of record.
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