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ABSTRACT
Persistence of near-surface water during the late evolution of Gale crater, Mars, would 

have been fundamental for maintaining a habitable environment. Sedimentation in aque
ous conditions is evident during the early stages of crater infilling, where accumulation of 
lower Mount Sharp group strata is characterized by fluviolacustrine sedimentary rocks. 
The basal unit of the Siccar Point group—the Stimson formation—which unconformably 
overlies the Mount Sharp group and represents conditions postdating the exhumation of 
Aeolis Mons, is characterized by accumulation of aeolian strata under arid conditions. 
Water was largely absent near the surface during its deposition. At the Feòrachas outcrop, 
discovery of soft sediment deformation structures in aeolian Stimson strata challenges the 
notion that Gale crater was devoid of water during its later depositional phase. We identi
fied deformed wind-rippled and vertically laminated sandstones, hosted within erosion-
resistant ridges forming boxwork patterns. Broadly, these structures are diagnostic of 
water (as liquid or as ice) in the shallow subsurface. Comparison with Earth analogues 
suggests formation by subsurface fluid escape, freeze-thaw processes, or evaporite defor
mation. Regardless of the mechanism, these structures signify the presence of water at or 
near the surface much later than previously documented and may extend the habitability 
window in Gale crater.

INTRODUCTION
During the initial infilling of Gale crater, 

water was a prime agent for sediment transport 
and contributed toward creating habitable condi
tions. Exploration of the central sediment mound 
within Gale crater—Aeolis Mons, informally 
Mount Sharp—using the Mars Science Labora
tory rover Curiosity (herein, Curiosity), revealed 
that the oldest crater-filling strata—the lower 
part of the Mount Sharp group—largely record 
sediment accumulation in fluviolacustrine envi
ronments (Grotzinger et al., 2015; Gwizd et al., 
2022). Higher in the Mount Sharp group, fluvio

lacustrine strata are supplanted by increasing 
aeolian strata, interpreted as progressive aridi
fication of surface conditions. This gradational 
boundary represents a major climate transition 
between early humid and later arid conditions 
within Gale crater, if not more extensively on 
Mars (Bibring et al., 2006; Milliken et al., 2010). 
The Mount Sharp group has been the focus for 
the investigation of habitability by Curiosity.

The Mount Sharp group is incised by a 
major erosional surface, the Siccar Point 
unconformity, which mirrors the shape of pres
ent-day Aeolis Mons (Watkins et al., 2022). 
Superimposed on this unconformity, there is a 
regionally extensive draping unit, defined from 
prelanding orbital observations as the mound 
skirting unit (Anderson and Bell, 2010). Where 

traversed by the rover, it is defined as the Stim
son formation, forming the base of the Siccar 
Point group. The Stimson formation represents 
the preserved expression of a dry dune field 
(Banham et al., 2018), and it outcrops in sev
eral areas: Emerson plateau, Naukluft plateau, 
Murray buttes, and the Greenheugh pediment. 
These Stimson outcrops record accumulation 
of sediment in a surface environment devoid 
of water, within a regionally arid climate (Ban
ham et al., 2018, 2022), suggesting diminished 
habitability (Westall et  al., 2015; Ehlmann 
et al., 2016).

On the east side of the Greenheugh pedi
ment (Fig. 1) at the base of the Stimson forma
tion, deformation structures were observed in 
the aeolian cross-strata. Here, cross-laminations 
are contorted, deformed, or crosscut by ver
tical laminations within now well-cemented, 
erosion-resistant sandstone ridges. These 
structures are interpreted as evidence of shal
low groundwater, which could have provided a 
subsurface environment that could have reason
ably extended the habitability window within 
Gale crater.

BACKGROUND
Evidence for diagenesis and aqueous pro

cesses is pervasive throughout Mount Sharp’s 
stratigraphy. Filled fractures are abundant 
within the Murray formation (Nachon et al., 
2014; Kronyak et al., 2019), forming subverti
cal, calcium sulfate–filled veins generated by 
hydraulic fracturing (Cosgrove et al., 2022) 
and mobilization of primary salt from within 
the stratigraphy. Cylindrical injection pipes are 
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present in the Mount Sharp group, which were 
triggered by impacts, hydraulic overpressure, 
or seismic shock (Rubin et al., 2017). Cylindri
cal pipes indicate no differential stress or that 
sediment was unconsolidated at time of injec
tion (Cosgrove, 1995). Diagenetic concretions 
are ubiquitous across the base of the Stimson 
formation (Banham et al., 2018, 2021, 2022). 
Silica-enriched, fracture-associated altera
tion halos have been observed at Emerson 
and Naukluft plateaus, indicating late-stage 
high-temperature (>80 °C) groundwater cir
culation (Yen et al., 2017). Finally, deforma
tion structures identified in the basal Stimson 
formation on the eastern Greenheugh pediment 
(Dietrich et al., 2022) are linked to the nodule-
rich basal facies.

STUDY LOCATION: GREENHEUGH 
PEDIMENT

On the east margin of the Greenheugh pedi
ment (mission Sols 3401–3444; Fig. 1, con

text. See Supplemental Material1 for additional 
images), series of prominent rectilinear sand
stone ridges were identified within the Stim
son formation using Curiosity’s Mastcam cam
eras (Malin et al., 2017). Informally named the 
Feòrachas structure (also described as a “box
work” structure; Fig. 1), these erosion-resistant 
sandstone ridges are 25–50 cm wide, 2.5–5 m 
in length, and a few decimeters tall. Some sec
tions have a prominence of 1 m above the sur
rounding bedrock and regolith. The long axis of 
the boxworks are typically oriented NNE-SSW 
or ENE-WSW (Fig. 1, rose diagram: vector 
mean = 215°). Sandstone enclosed within the 
boxwork structure is undeformed. Internally, 
ridges are well cemented and preserve sedimen

tary structures corresponding to either primary 
depositional processes or penecontemporane
ous deformation. Four key sublocalities within 
the Feòrachas outcrop are used to illustrate the 
main sedimentary structures: undeformed aeo
lian strata, liquefaction cusps (Brackenberry), 
and vertically laminated sandstone dikes (Up 
Helly Aa and Lamington; Fig. 1).

DESCRIPTION OF SEDIMENTARY 
STRUCTURES
Undeformed Aeolian Strata

Undeformed aeolian cross-strata are exposed 
adjacent to Feòrachas (Fig. 2) and share com
mon facies and architectural attributes with 
the Stimson formation at the north edge of the 
Greenheugh pediment (Banham et al., 2022) 
and elsewhere along the traverse (Banham 
et al., 2021; Bedford et al., 2020). Here, the 
Stimson formation is composed of compound 
cross-beds (10–50 cm thick), containing uni
form-thickness, laterally persistent, wind-ripple 

1Supplemental Material. Slide pack of high-quality 
images used as part of this study and additional data. 
Please visit https://doi​.org​/10​.1130​/GEOL​.S.25263151 
to access the supplemental material; contact editing@
geosociety​.org with any questions.

Figure 1.  Overview of 
Feòrachas structure, 
depicting geometries of 
lineaments and locations 
of key observations. Con
text map shows rover 
traverse (white line). 
Boxwork map shows ori
entation of ridges. Rose 
diagram depicts orien
tation of those ridges 
(resultant 215°, n = 10). 
Credit: NASA/JPL-Caltech/
MSSS.

Figure 2.  Undeformed 
strata adjacent to Feòra
chas boxwork structure. 
These sedimentary struc
tures share common 
characteristics with Stim
son formation across 
plateau. (A) Expression of 
cross-bedding. (B) Close 
up of wind-ripple lami
nations. Credit: NASA/
JPL-Caltech/MSSS.
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laminations (Fig. 2B). Some sets contain subset 
bounding surfaces (superposition or reactivation 
surfaces). No interdune deposits are observed. 
These cross-sets are interpreted as the preserved 
expression of migrating aeolian dunes in a dry 
dune field (Banham et al., 2018).

Soft-Sediment Deformation Structures
Soft-sediment deformation structures 

described as cusps (Owen, 1996) are identified 
at Brackenberry (Fig. 3A). Figure 3B shows a 
cusp with laminations in various states of dis
tortion. Toward the core of the cusp, lamina
tions become progressively upwarped, increas
ing in dip amplitude. Within the center (“cusp 
core”), an increasing level of deformation is 
observed, where laminations undulate with 
increasing amplitude. At the core of the cusp, 
wind-ripple laminations bend toward vertical, 
and their coherence is lost; laminations are 
replaced with largely structureless sandstones 
in a vertical column several centimeters high. 
Adjacent to the cusp, laminations are deformed 
and contorted, forming tight to isoclinal anticli
nal folds. Adjacent to this (Fig. 3C), typically 
planar wind-ripple laminations show complex 
oversteepening.

Vertically Laminated Structures
Vertically laminated structures are observed 

at Lamington and Up Helly Aa (Figs. 4A and 
4B), and they crosscut the adjacent strata. Up 
Helly Aa (Fig.  4A) is a resistant sandstone 
ridge where the ridge adjacent to Brackenberry 
is cleaved in two by a smaller sandstone dike 
containing vertical laminations (Figs. 1, 3A, 
and 4A). On both sides of this dike (Fig. 4B), 
laminations are deformed and upwarped onto its 
flanks. At the dike apex, wind-ripple laminations 

are deformed into a dome structure, forming a 
cap (Fig. 4B). As the laminations cross over the 
dike crest, they apparently lose coherence and 
are difficult to distinguish.

Lamington (Figs. 1 and 4C) is a prominent 
linear sandstone ridge that runs obliquely to the 
ridge containing Brackenberry and Up Helly Aa. 
It is composed of subvertical laminations that are 
parallel to the dike wall and can be traced along 
the planform length of the feature (Fig. 4C). In 
vertical section (Fig. 4D), these laminations are 
irregular and form groups of radiating subverti
cal laminations. The margins of the structure are 
overprinted by erosion-resistant bands that are 
both vertical and horizontal. These may be later 
fracture fills that are preferentially cemented. No 
primary depositional structures can be delin
eated with certainty.

POSSIBLE MECHANISMS OF 
DEFORMATION

The formation process of the Feòrachas 
structure must account for localized deforma
tion of strata, focused in a boxwork pattern; 
presence of cusp structures deforming primary 
wind-ripple strata; and vertical laminated ridges. 
Three plausible modes of formation are pre
sented (which are not mutually exclusive), and 
each has a common facilitating element: water.

Water-escape mechanisms, driven by litho
static overburden pressure, could have formed 
Feòrachas by both liquefaction and fluidiza
tion. Where laminations are convoluted and 
contorted, but show limited shearing, liquefac
tion is the interpreted deformation mechanism. 
High fluid pressure could have temporarily 
overcome overburden pressure, allowing trans
fer of grain weight to the pore fluid, a loss of 
sediment strength, and contortion of preexist

ing sedimentary structures (Lowe, 1975; Owen 
et al., 2011). The Brackenberry cusp structures 
(Fig. 3) are interpreted to have formed by fluid 
shear imparted on unconsolidated sediment 
grains by water flowing through the pore spaces 
while escaping vertically to the surface (Owen, 
1987). The shearing motion imparted by fluid 
drag would have formed the upwarped lamina
tions at the fringe of the structure. At the cusp 
center, where flow through the pore space was 
greatest, laminations were destroyed, leaving a 
vertical column of structureless sandstone.

Vertically laminated sandstones at Laming
ton and Up Helly Aa (Fig. 4) are interpreted to 
have formed later by sediment injection. These 
vertical laminations formed in a narrow con
duit due to drag forces between the wall and the 
flow, resulting in accretion of sand onto the walls 
during a phased emplacement (Peterson, 1968; 
Whitmore and Strom, 2010; Ross et al., 2014). 
The position at which the dike reopened may not 
have been fixed, leading to slight irregularities in 
thickness and orientation (Fig. 4), contributing 
to the notion of a phased emplacement, where 
the central conduit reopened episodically when 
fluid pressure overcame the overburden pressure 
(Peterson, 1968). Similar structures are observed 
in Sacramento Valley (California, USA) (Peter
son, 1968) and Antarctica (Taylor, 1982); graded 
layers of parallel laminations are observed, indi
cating successive pulses of sediment-bearing 
fluid injected into a dilating fracture.

The stress regime and mechanical state of 
the strata controlled the shape and orientation of 
the structure: Unconsolidated sediments formed 
pipe structures, as they were unable to support 
a differential (tensile) stress. To create a dike, 
the strata must have been partially lithified to 
have a tensile strength and allow a differential 

Figure 3.  Cusp structures 
observed at Brackenberry 
outcrop: (A) context, (B) 
cusp structure, showing 
upwarping of laminations 
and structureless sand
stone, and (C) convolute 
bedding caused by loss of 
sediment strength. Credit: 
NASA/JPL-Caltech/MSSS.
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horizontal stress to form (Cosgrove, 1995). The 
orientation of the dikes (215°) indicates tension 
or extension oriented NW-SE (Fig. 1, rose dia
gram). This broadly coincides with the slope of 
the Siccar Point unconformity (Watkins et al., 
2022).

Cryogenic processes, such as differen
tial loading by ice, large hydraulic gradients 
caused by impermeable ice, and freeze-thaw 
cycling, can all generate conditions where sed
iment deformation or injection can take place. 
Water confined by ice can be overpressured and 
injected into overlying thawed sediment, result
ing in clastic dikes. Freeze-thaw cycling can 
generate sand wedges within the active layer, 
and polygonal ice wedges form and subse
quently melt (or sublime) to leave voids, which 
are in-filled by windblown sediment. These can 
have a structureless fill (single event) or be ver
tically laminated (multiple seasons of freeze-
thaw cycles) (Larsen and Mangerud, 1992; 
Murton et al., 2000). The vertical laminations 
in the Lamington outcrop could be interpreted 
as a section through a sand wedge. Infiltration 
and flow of melt water and freeze-thaw cycles 
could generate deformation structures and folds 
like those at Brackenberry. Polygonal sandstone 
wedges, with deformation of cross-strata attrib
uted to permafrost action, have been identified 
in Cretaceous aeolian strata in China (Rodrí
guez-López et al., 2022). While these struc

tures can be explained by processes common 
to permafrost environments, there is currently 
no other evidence of glaciation recorded within 
the Mount Sharp stratigraphy at this time (Grotz
inger et al., 2015).

Evaporite-cemented, polygonal, thermal-
contraction sandstone wedges can contain ver
tically laminated sediment bodies within aeolian 
strata. These form by thermal contraction and 
expansion of strata weakly bound by evaporites. 
Structures with similar geometries have been 
identified in the Page Sandstone (Utah, USA) 
(Kocurek and Hunter, 1986; Cardenas et al., 
2019), forming boxworks with a preferential 
orientation controlled by the stress regime, 
coincident with the regional paleodip (Kocurek 
and Hunter, 1986). The host material requires 
a tensile strength for fracture formation, in this 
case provided by an evaporite cement. This com
monly forms where the water table is near to 
the surface, allowing evaporation and precipita
tion of salt. Modern daily temperature changes 
of 70 °C are recorded in Gale crater (Vasavada 
et al., 2017), representing ample conditions for 
thermal expansion to form fractures. Evaporites 
are abundant in Gale crater; however, the alpha 
particle X-ray spectrometer did not identify 
chemistry consistent with evaporites within the 
Stimson formation at this location. This does 
not preclude this mechanism, as evaporites are 
easily remobilized.

SIGNIFICANCE AND CONCLUSIONS
The presence of water is the common link 

between the three mechanisms (or combina
tion thereof) proposed to generate the struc
tures seen at Feòrachas. Water would be required 
at all stages to form the Feòrachas structure: 
to facilitate binding of the sediment, through 
cementation or freezing; to create the fractures, 
by hydrofracturing or frost heave; and finally, 
to mobilize the sediment, by fluid drag as water 
moved through the sediment, or through entrain
ment as water escaped to the surface.

Evidence of water and aqueous sediment 
transport is abundant within the lower Mount 
Sharp group strata; however, the stratigraphic 
sequence records a progressive increase in arid
ity with increasing elevation. Following the 
exhumation of Mount Sharp, presumably by 
wind scouring of fine-grained sediment, which 
exposed the 5-km-tall central mound, the Stim
son formation records accumulation of aeolian 
strata on the flanks of Mount Sharp in an envi
ronment of extreme aridity.

The presence of soft sediment deformation 
structures, however, provides clear evidence 
of groundwater penecontemporaneous with 
the accumulation of the Stimson dune field, as 
either liquid water or as ice. This evidence for 
near-surface water in Gale crater during Stim
son formation deposition permits interpretations 
of habitability to extend into younger strata 

Figure 4.  Fluidization 
structures. (A) Dike 
structure, with cusp-like 
structure on apex at Up 
Helly Aa. (B) Close-up of 
intersection between dike 
and cusp structure. (C) 
Vertically oriented lamina
tions at Lamington. Note: 
Later fractures crosscut 
lineament. (D) Close-up 
showing vertically ori
ented laminations. Note 
radiating pattern of vertical 
laminations. Credit: NASA/
JPL-Caltech/MSSS.

A B

C D

Downloaded from http://pubs.geoscienceworld.org/gsa/geology/article-pdf/52/7/492/6508686/g51849.1.pdf
by guest
on 23 September 2024



496	 www.gsapubs.org  |  Volume 52  |  Number 7  |  GEOLOGY  |  Geological Society of America

well beyond previously recognized examples 
within the Mount Sharp group. Moreover, it 
makes the Stimson or other aeolian strata host
ing such structures a viable target in the search 
for biosignatures.
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