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represents either hyperpycnal or hypopycnal sedi-
ment flows (45). Hyperpycnal flows are gravity-
driven, slope-hugging currents in front of a delta,
which result from the excess negative buoyancy of
the discharging sediment plume relative to the
ambient lake water. In the hypopycnal case, the
plume is positively buoyant and extends across
the surface of the lake, until flow expansion di-
minishes its momentum, resulting in deceleration
to the point at which gravity-driven settling drives
particles downward through the water column.
Thin lamination with regular spacing and sub-
stantial lateral continuity is consistent with either
mechanism. For moderate-sized rivers, either flow
type would create a deposit that thins distally over
scales of a few hundred meters (46), thus explain-

ing the difference in lamina thickness between
the two facies.

The general absence of coarser graded beds, or
beds with flow-deceleration sequences, suggest
that deposition may have occurred dominantly
by hypopycnal flows. However, the lens-shaped
cross-laminated sandstone bodies (Whale Rock
and the laterally adjacent sandstones) could be
gullied delta foreslope deposits. Their limited
east-west extent suggests a north-south elon-
gation of sandstone bodies that is in turn con-
sistent with the general southward transport
direction observed throughout the Bradbury
group. The climbing-ripple cross-stratification at
‘Whale Rock supports sediment transport under
decelerating flow conditions, such as those that

Fig. 7. Stratigraphy and facies of the Murray formation at Pahrump Hills. (A) Mastcam images
show that the entire outcrop is finely laminated; in some positions, this texture is particularly well
expressed as a result of wind-induced etching and the absence of dust. More resistant intervals probably
result from differential cementation. The thinly laminated mudstone has a gradational contact with the
overlying thickly laminated facies, which in turn is overlain by cross-stratified sandstone. This thickening-
and coarsening-upward sequence mimics that seen in Hidden Valley (Figs. 5 and 6). Whale Rock is an
intercalated sandstone lens. (B) Finely laminated mudstone (Mastcam image acquired on sol 792).
(C) Thickly laminated facies (Mastcam image acquired on sol 712). (D) Cross-laminated facies observed at
Whale Rock, formed by flows in a southeastward direction that created climbing-ripple cross-stratification

(Mastcam image acquired on sol 796).
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might occur in a bottom-hugging sediment grav-
ity flow. Alternatively, these sandstones might
represent fluvial deposits incised into a drying
lake bed.

The finely and thickly laminated facies show
repeating characteristic lamina thicknesses, sim-
ilar to varves observed in glacial lake sediments
(47). Although the grain size is too fine to con-
firm, the accentuation of the Pahrump Hills lam-
inae by weathering may be due to repeating
differences in grain size, porosity, composition,
or grain orientation; such variations may reflect
the characteristic time scales of a range of local
processes, including the production and delivery
of detrital sediment from the catchment area, or
precipitation of authigenic materials from the
overlying water or within the sediments. Pro-
and periglacial lakes on Earth typically develop
varves that reflect a combination of seasonal
variation in each of these processes. Varves re-
cord strong physical weathering in sediment-
source regions and where sediment fluxes are
driven by seasonal changes in runoff (48). Varves
are typically normally graded, and fine par-
ticles may reflect the waning stages of hyper-
pycnal flows or deposition from suspension
during intervals when ice covers the water col-
umn and prevents wind-driven turbulence.
Lamina thicknesses in the Pahrump Hills section
are similar to those in fluvial-deltaic depositional
systems on Earth (49); consequently, they are
consistent with our hypothesis that these lami-
nae record events of distal sediment fallout in a
lacustrine setting in the down-dip part of a
fluvial-deltaic system.

Alternative mechanisms for the deposition of
the mudstone involve eolian processes, including
the settling of dust or fine volcanic ash from the
atmosphere and traction transport of sand and
silt. Wind-blown dust (loess) or ash may consti-
tute some fraction of the sediment in the basin
but, if so, the particles are likely to have settled
through water. Loess and ash are both charac-
terized by massive bedding, rather than fine
lamination, when deposited from the atmosphere
(50, 51); the grain-size segregation necessary to
create lamination is far more likely to occur if
the sediments settle in water. Furthermore, dep-
osition of airborne fine grains cannot explain the
regular thickness of the layers or the thinning
between the thickly and finely laminated facies.
Therefore, we exclude the settling of fine grains
directly from the atmosphere as a primary sed-
iment accumulation mechanism.

The observed parallel stratification is not typical
of either dry eolian dunes or wet interdunes (52).
Flat beds do occur in eolian sandstones, but they
generally do so in sets that are a few tens of
centimeters thick [and not greater than ~2 m (52)]
and are typically interbedded with or grade up-
ward into eolian crossbeds. The sets of flat beds
at Pahrump Hills are much thicker and, more
importantly, crossbeds with eolian stratification
resembling bottomsets and foresets in sand-
stones on Earth (52, 53) were not observed.

A final set of possible mechanisms includes
the formation of eolian impact ripples, “adhesion
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ripples,” and “adhesion lamination;” however, the
textures of these features are distinctly different
from the lamination observed at Pahrump Hills
and are thus discounted (supplementary text).

Exhumation and formation of Mount Sharp

The geologic constraints described above require
a major exhumation event as part of the origin
of Mount Sharp. Between Yellowknife Bay and
Pahrump Hills, Curiosity drove uphill across 75 m
of exposed stratigraphy. The fluvial sediments of
the Bradbury group, derived from the northern
crater rim, were once part of a laterally extensive
succession of strata that has been eroded and
exhumed (Fig. 8). The net southward transport
directions, as well as the north-to-south transition
between facies, imply that outcrops of the Brad-
bury group are erosional remnants of an alluvial
plain that stood at least 75 m above the current
elevation of Yellowknife Bay, extending south-
ward from the northern crater rim. Furthermore,
if the Murray formation is the distal facies equiv-
alent of the Bradbury group, and the Murray for-
mation continues uphill to its contact with the
hematite-bearing ridge identified in orbiter data
(Fig. 1), then it is possible that those rocks at
higher elevations also had northern fluvial equiv-
alents that extended to the crater wall (Fig.
8B). In this case, at least hundreds of meters of
erosion would be required to create the top-
ography that is observed today. We therefore
interpret the Aeolis Palus surface, and at least
the lower part of Mount Sharp’s surface, to be
erosional in origin, as represented by the dashed
line in Fig. 8.

We suggest the following history as an ex-
planation of our observations: After the forma-
tion of the crater and the simultaneous creation
of a moat between the rim and the central peak,
sediments were supplied via erosion and degra-
dation of the northern wall and central peak
(Fig. 8B). Fluvial sediments were deposited along
the topographic gradient toward the center of
the moat, where a time-equivalent lacustrine
facies was deposited. This history is captured in
the transition observed between the Bradbury
group and the Murray formation (Fig. 1). Dep-
osition of the complete Murray formation then
occurred, followed by the hematite-bearing ridge
unit, the thin clay mineral-bearing unit, and
ultimately a thicker section of sulfate-dominated
strata that extends upward to an unconformity,
which separates hydrated strata from overlying,
apparently anhydrous strata (Fig. 1) (0). The
origin of these units is not well known yet, be-
cause they have been observed only in data ac-
quired from orbit, but all have interacted with
water, and all are assumed to be time-equivalent
with the erosion and backwasting of the northern
wall and central peak. The unconformity may
record a marked change in climate, indicated by
the upper strata, a thick sequence of possibly eolian
facies (Fig. 8C) (10, 54).

The emplacement of several kilometers of
sediment above the Murray formation would
have compacted it and any underlying sediments
that are currently beneath the surface of Aeolis
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Palus (supplementary text). Sediment compac-
tion would have differentially affected the fine
sediments of the Murray formation, including
those in the subsurface (fig. S7). Coarser sedi-
ments adjacent to the rim and peak would have
experienced less compaction, and the central
peak would have acted as a rigid indenter. This
lateral gradient in the degree of compaction would
have caused a rotation of younger strata toward
the moat center, resulting in shallow dips away
from the central peak for strata above the Murray
formation (fig. S8). This mechanism may account
for the regional dips observed from orbit (55) and
provides an alternative to the interpretation that
they were formed by mound-building accretion.

After maximum burial and crater infilling,
wind-driven erosion resulted in partial exhuma-
tion of the crater-filling strata (Fig. 8D). Curiosity
landed on nearly the lowest point of the ex-
humation surface, where fluvial-deltaic deposits
were exposed, and then drove uphill to the south
and across a facies transition into lacustrine
sediments of the Murray formation. A final stage
of fluvial activity occurred after exhumation,
involving overland flow and sediment transport
to create scattered fans (e.g., the Peace Vallis fan),
possible deltas (56, 57), and draping strata in the
area explored by Curiosity (Fig. 1).

Crater statistics (9, 56) indicate that the exhu-
mation and exposure of most of the hundred to
perhaps several hundred meters of strata ex-
posed across Aeolis Palus and at the base of
Mount Sharp had occurred by ~3.3 billion to
3.1 billion years ago (fig. S1). Hence, the available
evidence suggests that the landscape acquired its
present expression by the middle Hesperian
Period, and this was followed by the long epoch
of very slow eolian erosion that has continued to
the present (58). These age constraints require
infilling of the crater with sediments to (at least)
the level of the top of the Murray formation;
burial, compaction, and cementation of those
sediments to form rocks; and subsequent erosion
and exhumation of those rocks to form the lower
reaches of the modern landscape, below the
elevation of the hematite-bearing ridge—all within
a few hundred million years of the crater’s formation.
The erosion rates are estimated to be ~200 m over
~400 million years, or 0.5 m per million years. If
the crater was filled with even more sediment, as
shown in Fig. 8, then these rates would be higher.
In either case, these erosion rates must be ad-
justed for the time represented by crater infilling
and therefore probably represent minimum esti-
mates. We do not yet understand what drove ex-
humation on early Mars, but the rates indicated by
our data are orders of magnitude faster than those
calculated for more recent erosion of the martian
surface [0.01 m per million years (59)]; they
therefore more closely approximate long-term
late Noachian to early Hesperian erosion rates
for Mars (60) and long-term terrestrial erosion
rates for Earth. Given that eroded materials must
have been lifted out of the crater to form the
existing moat, it seems that wind, rather than
water, was the primary agent of erosion. Perhaps
higher atmospheric pressure during this early

phase of Mars’s history (61) led to higher surface
wind stresses and therefore higher rates of wind
erosion (62).

The sediment source of the now-eroded sedi-
mentary rocks was probably the Gale crater rim
and walls, which are partly degraded and marked
by incised drainage networks (supplementary
text). On average, the floor of Gale crater is shal-
lower than expected by 1.9 to 2.1 km, compared
with other complex craters of similar diameter
(63); this indicates crater infilling or crater rim
lowering by this amount (figs. S9 and S10). The
inferred amount of crater rim and wall erosion
could have supplied more than enough sediment
to account for both the Bradbury group and the
Murray formation, as blankets of sediment that
extended from the crater rim to the central peak
(figs. S9 and S10). The current level of rim deg-
radation can be accounted for by ~4.8 km of slope-
parallel wall retreat (6.1% of the crater radius),
which would generate a sediment layer ~600 m
thick on average. Furthermore, an additional hun-
dreds of meters of sediment could be created
locally through erosion of the ~1000-km?> Peace
Vallis catchment, which is one of the few drainages
to breach the Gale rim, and which sits directly
upslope of the Bradbury group (figs. S9 and S10).

Paleoclimate

Noachian terrains are associated with broad
mineralogical and morphological evidence for
liquid water, including clay mineral-bearing bed-
rock, valley networks, open- and closed-basin
lakes, and possibly a northern ocean. In contrast,
Hesperian terrains provide evidence for water
in the form of catastrophic outflows and hydrated
sulfates, possibly indicating increased geo-
thermal activity and volcanism. Gale crater
formed at 3.8 billion to 3.6 billion years ago (6),
toward the end of the Noachian Period, after the
formation of the hemispheric dichotomy but
perhaps coeval with the formation of the Tharsis
bulge on the opposite side of the planet. Crater
counts on various surfaces within Gale crater
suggests that the crater-filling strata described here
were deposited over a few hundred million years,
extending into early Hesperian time (6, 9, 56).

Whereas the planetary-scale geomorphic influ-
ences on climate largely had arrived at their ter-
minal states when Hesperian stream and lake
systems at Gale crater were active, other influ-
ences were still evolving. Substantial enrichment in
heavy isotopes is evident in multiple atmospheric
species, including argon, carbon and oxygen in
CO,, and hydrogen and oxygen in water vapor
(64-66). These results point to an initial atmo-
spheric mass and water inventory in Mars’s sec-
ondary atmosphere that were a few to many times
greater than their present-day values. Mars’s ob-
liquity is poorly constrained during this time
period, but it may have been large on average
[mean value of 41.8° (67)]. Therefore, the latitudi-
nal distribution of solar forcing, and thus climate
and weather, are likely to have varied during this
time period. Volcanism and impacts may have
dramatically, if only temporarily, forced the climate
during this era (68, 69).
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Yet even with an atmosphere substantially
enhanced in CO,, water, and other greenhouse
gases derived from volcanic outgassing, models
of Mars's climate (70-72) cannot reproduce glo-
bal average temperatures that approach 273 K,
which would make a straightforward case for
abundant and geologically long-lived liquid water
at the surface. In the absence of long-lived, glo-
bally warm temperatures, is regional or transient
warming consistent with the geological record?
Others have addressed this question for the
martian valley networks and paleolakes, arguing
that transient impact-induced warming or local
meltwater from an icy Mars may have been
capable of forming these features. For example,
the Icy Highlands Scenario (70) posits that a cold
but thicker atmosphere would glaciate the high-
land terrains but supply meltwater in volumes

consistent with those needed to carve valleys
and fill paleolakes.

In light of these cold climate scenarios, the
absence of glaciogenic sedimentary deposits or
fabrics in the Bradbury group and especially the
Murray formation is notable. Coarse cobble or
boulder conglomerates formed from tills have
not been observed; frost wedges, indicative of
strong oscillations in surface temperatures (73),
are apparently absent. The well-exposed cross
sections of strata exposed at Yellowknife Bay and
in the valley systems at Dingo Gap, Kimberley,
Hidden Valley, and Amargosa Valley do not re-
veal features that could be interpreted as frost
wedges. Most importantly, well-laminated sedi-
ments of the Murray formation at Pahrump Hills
form an ideal medium for frost wedges to be
preserved, but none have been observed to date.

Even if the Murray formation represents dry
eolian sediments, formation of frost wedges
would still be expected, as has been the case for
extreme glacial events in dry environments on
Earth (73). Finally, glacial dropstones were not
observed in any of the subaqueous laminated
facies. The climate recorded by the ~75 m of rock
observed so far does not seem to have been
frigid; the crater lake basin and its fringes, in
ancient times, do not appear to have experienced
glaciation or extreme cold. However, the increased
influence of the adiabatic lapse rate in a thicker
atmosphere may have created colder conditions
on the crater rim. This is supported by geochem-
ical data that indicate limited chemical weather-
ing of sedimentary parent materials (74). Seasonal
or glacial ice there could have supplied meltwater
that transported sediment to the crater floor.

Fig. 8. History of the infilling of Gale crater and its exhuma-
tion to form Mount Sharp. (A) A north-south transect of the
current topography, featuring the high southern rim, the crater’s
central peak at nearly equal elevation, the slightly lower false summit
of Mount Sharp, and the much lower northern rim. The northern rim
of Gale crater is assumed to have this lower elevation because it
straddles the dichotomy boundary. The dotted box represents the
part of the crater that is illustrated in (B), (C), and (D). (B) Early
infilling of the crater during the aqueous period. The dashed line
represents the modern topography, and the solid line represents the
original post-impact topography, derived from the profiles of other
craters of similar size and with central peaks of similar height The
infilling of the crater was driven by erosion of the northern rim and
the central peak, which generated sediment that was transported
downslope, fining along the way due to hydraulic segregation of grain
size. Crater diameter-depth relationships suggest that an additional
1to 2 km of crater-infilling strata (pattern with question marks) may
lie beneath the present-day surface (figs. S9 and S10). (C) During
the subsequent dry period, the bulk of Mount Sharp formed via
accumulation of eolian facies, very generally defined. The mass of
Mount Sharp exerted a gravitational force that caused compaction
of previously deposited strata, resulting in rotation of those strata
downward relative to the rigid central peak (figs. S7 and S8). (D)
Wind-driven erosion resulted in the exhumation of the crater-filling
strata. Curiosity landed on nearly the lowest point of the exhumation
surface, where fluvial-deltaic deposits were exposed, and then drove
uphill to the south and across a facies transition into lacustrine
sediments of the Murray formation.
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This is supported by deuterium/hydrogen isotope
ratios from ancient clays in a Gale lake deposit,
which indicate that a global-equivalent layer of
water of 100 to 150 m in thickness was present at
the time of sediment accumulation (75).

Our in situ geological observations, which
indicate a time series of deltaic-lacustrine com-
plexes within Gale crater, raise additional ques-
tions for such cold climate models. The 1 to 4 m
stratigraphic thickness of each delta deposit im-
plies a body of standing water of at least that
depth, which existed over a period of time long
enough to accumulate that sediment and to al-
low delta foreset beds to prograde for at least
many tens to possibly hundreds of meters. This
implies that each lake was present for a time
span on the order of 100 to 10,000 years, based
on terrestrial analog rates (16, 76, 77).

These observations imply a minimum dura-
tion when each lake was stable both thermally
(as liquid) and with respect to net evaporation
and subsequent loss of water to colder regions.
The latter effect can be overlooked if only vol-
umetric constraints on water are considered (for
example, tying the lake’s formation to a transient
climate event that supplies its initial volume via
meltwater). Unless net evaporation is slowed by
increased atmospheric humidity, or lakes are re-
supplied by runoff, a shallow lake can quickly
evaporate. Open expanses of liquid water contained
in numerous lakes or a hemispheric ocean would
maintain atmospheric humidity and potentially
allow for an active hydrological cycle.

The rover data allow for oscillations in the
areal extent and depth of lakes between the ma-
jor lake episodes associated with the deltas,
including dry periods when eolian processes
were dominant. Nevertheless, another key con-
straint implied by the observations is the total
duration over which lake stability was possible,
even if intermittent. Again using terrestrial ana-
logs (76), we estimate that the stratigraphy tra-
versed thus far by Curiosity (~75 m) would have
required 10,000 to 10 million years to accumu-
late, and even longer if the ~150-m-thick Murray
formation is included. Additionally, even though
individual lakes may have come and gone, they
were probably linked in time through a common
groundwater table. Over the long term, this water
table must have risen at least tens of meters to
form the lakes that are marked by the deltas that
Curiosity observed.

One of the key criteria for planetary habitabil-
ity is the duration for which water might have
been accessible to enable microbial origination
and evolution. The Gale crater floor today is the
lowest topographic depression for over a thou-
sand Kkilometers in any direction, including the
northern plains. Our results show that water
pooled there, in surface and subsurface reser-
voirs, for a geologically and perhaps biologically
relevant period of time.
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