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A wide variety of geological evidence indicates that
the climate on Mars has changed during its past history.
This evidence is useful for helping to define the nature
of past climates and the range of atmospheric and cli-
matic conditions necessary to account for the geological
evidence. Here we present a summary of recent work
documenting some of these deposits, focusing on geo-
logical evidence related to the distribution of water in
solid and liquid form. Evidence for these changes
ranges in physical scale from layering in the polar caps
[1] and sediments, to meters-thick layers extending from
high to mid-latitudes [2], to kilometers-thick polar and
circumpolar deposits [3]. The evidence is found
throughout the geologic record of Mars, ranging from
interpreted Amazonian mid-latitude valley glaciers [4],
to tropical mountain glaciers [5], to much longer-term
trends implied by the temporal distribution of geological
features such as valley networks and outflow channels
[6]. Furthermore, there is strong evidence for changes in
the hydrological cycle of Mars that reflect long-term
climate change [7, 8]. For the last ~80% of Mars' his-
tory, Mars appears to have been a very cold, hyper-arid
polar desert, similar to parts of the Antarctic Dry Valleys
[9]. The hydrologic system has been horizontally layered
[7] with the hydrologic cycle consisting of a globally
continuous cryosphere with liquid water occasionally
emerging to the surface during magmatic events that
cracked the cryosphere [10,11]. Most of the surface wa-
ter was tied up in the polar caps and in the regolith, and
variations in orbital parameters caused significant sur-
face redistribution of ice and dust. In the first 20% of
Mars' history, many believe that Mars was "warm and
wet", there was no global cryosphere [6], and that the
hydrological cycle was vertically integrated [8].

Atmospheric general circulation models are becom-
ing more and more sophisticated and can now be ana-
lyzed at various scales, and include variations in atmos-
pheric water vapor content, orbital parameters and sur-
face properties [12-16]. New orbital parameter solutions
provide robust insolation predictions for the last 10-20
million years [17], but assessments prior to this time are
uncertain because solutions are chaotic. Nonetheless,
simulations suggest a range of candidate solutions which
can be compared to the geologic record, and statistical
assessments predict that high obliquity periods were
common in the earlier history of Mars. Synergism is
developing between studies of the observed geological
record, predictions of orbital parameter scenarios, and
results of climate models. Highlighted here are some of
the geological units and features that may provide in-

sight into causes and magnitudes of climate change, and
thus aid climate modelers in reconstructing the climatic
evolution of Mars.

The Amazonian Period: (present back to ~3 billion
years ago; [18-20]): The finely laminated layers ob-
served in exposed troughs and walls in the North Polar
cap are thought to provide the best record of recent cli-
mate change and variability [21]. Their importance lies
in the possibility that the record is continuous and that
rates of volatile exchange between mid-latitude and po-
lar reservoirs may be derived. Laskar et al [22] proposed
that the pattern of alternating bright and dark layers for
the upper 350 m in one of the troughs is correlated to the
variation in summer polar insolation driven by orbital
forcing over the last 900 kyr. Fourier analysis of North
Polar layer vertical sequences [1] revealed a characteris-
tic and repetitive wavelength of ~30 m thickness
throughout the upper ~300 m (Fig. 1, zone 1) interpreted
to represent a 51 kyr insolation cycle. Analysis, charac-
terization and dating of a meters-thick latitude-
dependent mantling layer extending from 30° N and S
latitude to the poles [2, 23-25] led to the interpretation
that this deposit represented a recent "glacial" period on
Mars that occurred from ~2.4 to 0.4 Myr ago (Fig. 2) in
response to the changing stability of water ice and dust
during variations in obliquity reaching 30-35°. Currently
Mars is in an "interglacial" period [2] (Fig. 2). Unlike
Earth, martian ice ages are characterized by warmer po-
lar climates and enhanced equatorward transport of at-
mospheric water and dust to produce widespread man-
tling deposits down to mid latitudes. Apparently the rate
of accumulation changed 400 kyrs ago from 0.025 cm/yr
to 0.05 cm/yr [22]. This corresponds in time to the
switch from net transport of volatiles from the polar re-
gions to the mid-latitudes, to the reverse (Fig. 2) [2].
Calculations show that a mid-latitude surface layer 10
meters thick between 30-50° with an ice content of 10-
100% is the equivalent of a north polar cap thickness of
30-300 meters. The lower limit is the estimated thick-
ness of the youngest deposits on the north polar cap.
Thus the mass of volatiles that can be transported among
these reservoirs is broadly consistent with the observed
geologic characteristics. Further analysis of the North
Polar layered terrain [1] revealed a ~100 m thick se-
quence (Fig. 1, zone 2) containing no signal, and inter-
preted to represent a sublimation lag produced during
the recent period of polar water mobilization and trans-
port equatorward [2]. These studies support earlier inter-
pretations that orbital parameter variations could cause
significant erosion, and possibly complete removal of



the polar caps. The polar caps represent a water reservoir
available for redistribution during earlier periods of cli-
mate change. But what about earlier in the Amazonian,
when obliquity variations are thought to have been even
more extreme [17]? During periods of lower obliquity
than present, polar ice accumulation will be at a maxi-
mum, and during very low obliquity, the atmosphere is
likely to collapse [25a]. The presence of ice-rich depos-
its in circumpolar crater interiors indicates that signifi-
cant local accumulations of ice can be emplaced and
remain in microenvironments at lower latitudes [26-27]
during periods of higher obliquity. Indeed microenvi-
ronments in some crater interiors show evidence for re-
cent cold-based glacial deposits at 70° N latitude [28].
Mid-latitude lobate debris aprons and lineated valley fill
have long been thought to be related to atmospheric va-
por diffusion and ice-assisted debris flow [29]. Recent
studies with high-resolution data have revealed compel-
ling evidence for integrated plateau/valley glacial land-
systems [4, 30-35], where ice and snow accumulation in
alcoves and on plateaus has led to the formation of de-
bris-covered glaciers in very widespread areas at mid-
latitudes [35], piedmont-like flows (Fig. 3, 4), and con-
verging flows of valley glaciers producing major fold-
like loops (Fig. 5, 6). These deposits indicate that there
were times during the Amazonian when ice was stable at
mid-latitudes and accumulated to significant thickness
both in local alcoves and on adjacent plateaus [36]. Fur-
thermore, local valley networks produced on some vol-
canic edifices at these latitudes appear to form when
localized magmatic heating occurs at times of edifice
snow cover, causing melting and channel formation [37].

New spacecraft data and an understanding of the na-
ture of cold-based glacial processes and landforms [5],
has led to the more confident interpretation of the fan-
shaped deposits on the NW flanks of the Tharsis Montes
[5, 38] and Olympus Mons [39] as tropical mountain
glaciers up to ~180,000 km? in areal extent (Arsia), and
likely reaching at least two km in thickness during their
emplacement. We used five scenarios of possible past
obliquity histories [17] to drive an ice sheet model with
a parameterization of climate that allows for variations
as the obliquity changes and as the ice sheet grows and
shrinks [40]. Geological and glacial modeling evidence
show that inner portions of these deposits may be active
long after the major ice sheet largely disappears [40,41].
Detailed examination shows evidence for a Late Ama-
zonian age and multiple phases of advance and retreat
[42].

What conditions might lead to the formation of
tropical and mid-latitude glaciers? Forget et al. [16]
used high-resolution climate simulations to show that the
present-day water cycle, under 45° obliquity conditions,
predicts ice accumulations on the western flanks of the
Tharsis Montes due to adiabatic cooling and precipita-
tion (Fig. 10, 11). This agreement provides support for

the idea that the combination of geological observations
and atmospheric modeling may help to unravel the cli-
mate history of Mars.

Is there currently extensive groundwater in the sub-
surface? An approach to assessing the presence of sub-
surface groundwater [43] involved using the large Ama-
zonian-aged crater Lyot as a ‘probe’. Lyot should have
penetrated through the cryosphere and well into the sub-
surface groundwater table, creating an ‘artesian well’
situation that should have resulted in significant outflow
of impounded groundwater. However, there is no com-
pelling evidence for release and outflow of water, lead-
ing to the conclusion that significant subsurface water
may not have been present below at least this part of the
northern lowlands during this time in the Amazonian.
On the other hand, outflow of subsurface water has
clearly occurred in the Amazonian in the region sur-
rounding the Elysium Rise. First and most recently, to
the east in Elysium Planitia and into Amazonis Planitia,
very recent lava flows and fluvial episodes have oc-
curred [11, 44-46]. On the western margin of the Ely-
sium Rise, extensive deposits interpreted to be water-
rich flows and lahars [47-48] occur, and were emplaced
at several times in the Amazonian. These two events
have delivered sub-surface water to the surface, suggest-
ing the presence of either abundant groundwater beneath
the cryosphere and/or remelting of significant portions
of the cryosphere, at least in the Elysium Rise area.
Where did this water go? Obviously some could be
soaked up in the dehydrated upper layers in the near
equatorial regions. Much of it could have gone to cold
traps at the poles or to local areas of upwelling and
deposition, such as that represented by the Medusae Fos-
sae Formation [49] and tropical and mid-latitude glaciers
[4-5].

The Hesperian Period: (about 3 to 3.6 billion years
ago; [18-20]): The martian outflow channels debouched
into the northern lowlands primarily in the Late Hespe-
rian Period [50] and their characteristics suggest to many
workers that a large standing body of water, or ocean,
was produced as a result [51]. Characteristics of northern
lowland deposits in the Early Amazonian Period suggest
that by this time such an ocean was gone [52]. What
would be the fate of such standing bodies of water under
climatic conditions similar to the present? The evolution
of water loaded with sediments emplaced by outflow
channel formation would include three phases. (1) Vio-
lent emplacement of warm water followed by a short
period of intensive evaporation and convection. Water
vapor would strongly influence the climate, at least for a
geologically short time; when the water reached 277 K,
boiling and intensive convection ceased and sediments
were deposited. (2) Geologically fast (10* years) freez-
ing accompanied by weak convective water movement.
(3) Sublimation of the ice lasted longer than freezing,
but for a geologically short period. The rate and latitu-



dinal dependence of sublimation, and locations of water
vapor condensation, crucially depend on planetary
obliquity, climate, and sediment veneering of the ice.
Several observations support the hypothesis that the Late
Hesperian Vastitas Borealis Formation is the sublima-
tion residue of the ocean [53-54]. Glacial deposits at the
source region of Mangala Valles [55], and residual ice-
rich deposits on the floor [56], suggest that the water
erupted into an environment similar to that of the pre-
sent. The Dorsa Argentia Formation, a very extensive
south circumpolar deposit [26] of Hesperian age, may
represent the accumulation of volatiles following the
emplacement and sublimation of the northern lowlands
‘ocean’. These deposits, in turn, underwent retreat and
melting, and flowing water formed eskers and channels,
emptying into the Argyre Basin [57]. In the Early Hes-
perian Period, a significant flux of volcanism occurred in
the form of the Hesperian ridged plains, and this may
well have represented a major pulse of volatiles into the
atmosphere [58,59]. In addition, there is clear evidence
of interaction of these volcanic deposits and large vola-
tile-rich deposits in the south polar region [60,61], caus-
ing melting and drainage of liquid water.

Over the last 80% of the history of Mars, permafrost
and the cryosphere dominate the surface. Although there
is compelling evidence that liquid water formed occa-
sionally on the surface and moved locally, there is no
compelling evidence that indicates that the global
cryosphere was absent at any time throughout the most
recent 80% of the history of Mars. Mars surface condi-
tions appear to have been cold and dry throughout most
of its history, very similar to the way they are now. Fur-
ther evidence of this is the limited amount of aqueous
chemical alteration detected from orbit [62,63] and in
martian meteorites [64]. Obliquity extremes, and intru-
sive volcanic activity related to the two major rises,
Tharsis and Elysium, appear to have redistributed some
water but liquid water was transient on the surface for
the vast majority of Mars’ history.

The Noachian Period: Geological evidence has
been cited to support a ‘warm, wet’ era [65] in the ear-
lier Noachian Period (e.g., valley networks, degradation
rates, etc.) and standing bodies of water under these ear-
lier conditions have different origins and could have
significantly longer residence times. Critical assessment
of this evidence leads to several scenarios for the em-
placement style, location and fate of water on early Mars
during the first 20% of its history, and the important
transition to conditions similar to those of today. Candi-
date early Mars emplacement styles include: 1) pluvial,
2) sapping and groundwater recharge, 3) ice sheet melt-
back [66], 4) global hydrostatic equilibrium, and 5)
cryospheric seal disruption. Alternatively, early Mars
may have been ‘cold and dry’.
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