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The large-area coverage at a resolution of 10-20 metres per pixel in colour and three dimensions with the High Resolution Stereo
Camera Experiment on the European Space Agency Mars Express Mission has made it possible to study the time-stratigraphic
relationships of volcanic and glacial structures in unprecedented detail and give insight into the geological evolution of Mars. Here
we show that calderas on five major volcanoes on Mars have undergone repeated activation and resurfacing during the last 20 per
cent of martian history, with phases of activity as young as two million years, suggesting that the volcanoes are potentially still
active today. Glacial deposits at the base of the Olympus Mons escarpment show evidence for repeated phases of activity as
recently as about four million years ago. Morphological evidence is found that snow and ice deposition on the Olympus construct at
elevations of more than 7,000 metres led to episodes of glacial activity at this height. Even now, water ice protected by an

insulating layer of dust may be present at high altitudes on Olympus Mons.

On board the European Space Agency (ESA) Mars Express Orbiter,
a multiple line scanner instrument, the High Resolution Stereo
Camera (HRSC), is acquiring high-resolution colour and stereo
images of the surface of Mars'. Resolution down to 10 m per pixel
coupled with large areal extent (swaths typically 60-100 km wide
and thousands of kilometres long) means that small details can be
placed in a much broader context than was previously possible.
Among the major objectives of the experiment is an assessment of
the level of recent geological activity on Mars, particularly the type
of volcanic and climate-related deposits that might indicate areas of
hydrothermal activity and recent water exchange conducive to
exobiological activity.

We have used the new HRSC images and their particular qualities
in mapping out terrain types for the interpretation of morphologi-
cal features and topographic relationships from the three-dimen-
sional data and high-resolution imagery, including the Super
Resolution Channel (SRC) data (resolution down to 2.5m per
pixel)'. The high-resolution colour data were very useful for
distinguishing different materials. The combined use of the HRSC
data and nested Mars Orbiter Camera (MOC) or SRC imagery has
proven to be extraordinarily helpful in the interpretation of the
morphologies and processes that shaped the landforms now visible.
Here we focused on the time-stratigraphic relationships and the
sequence of events to understand the geological evolution of the
martian areas investigated. Time sequences were obtained by
determining the number of superimposed impact craters and
deriving absolute ages.

This approach has become a powerful tool of planetary studies
since the early 1970s, when frequencies of craters per unit area of
lunar basaltic lavas were compared with the absolute ages of these
lavas determined through isotopic dating of the returned samples
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and have thus given us a reference scale for interplanetary com-
parison®. These data, along with theoretical modelling and observa-
tional data of fluxes of crater-forming impactors for different parts
of the Solar System, have made it possible to apply this method to
different planets and satellites®. For this study we used the recently
updated cratering chronology model that combines the efforts of
two major research groups in this area’.

The ages from crater counts are limited in accuracy almost
exclusively by the statistical error’. Other error sources, such as
undetected admixtures of secondary craters, volcanic or sublima-
tion pits, are normally minor (<10% of the frequency of super-
posed craters)™®, provided the geological mapping of the areas and
the counts are carried out by experienced observers. The statistical
errors of individual data points in our counts are mostly <30% (one
standard deviation, 10). Because the whole distribution over a
wider crater size range is used for fitting the theoretical size—
frequency distribution to the measurements, the average statistical
error of the data points over the ensemble of measurement is the
proper measure for the uncertainty (which, in proportion to the
number of data points, is much smaller), resulting in an average
uncertainty of 20-30% in frequency. This translates into a 20-30%
uncertainty in the absolute ages for ages younger than 3 gigayears
(Gyr) and an uncertainty of only 100-200 million years (Myr) for
ages older than 3 Gyr. Absolute ages may equally be affected by a
possible systematic error of about a factor of two in the crater
frequency for an assigned absolute age in the cratering chronology
model used. This is due to an uncertainty in the underlying impact
flux model used for Mars, relative to the lunar value*®.

Time-stratigraphic relationships on martian volcanoes
The Tharsis region of Mars, a huge rise comprising almost 20% of
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Figure 2 Hecates Tholus counting-area. Base map (HRSC image data and nested MOC
data) (left panel), crater size-frequency data and derived absolute ages (three right

the planet, and the smaller Elysium rise have long been known to be
the major focal points of volcanism over a significant portion of the
history of Mars®’. However, the nature and extent of geologically
very recent activity has been unknown. HRSC images acquired in
the early phase of the mission (from January to July 2004) have
provided broad high-resolution coverage that has cast new light on
recent activity. Much of the relatively recent volcanic activity is
focused on the summit calderas and flanking rift zones of the major
shield volcanoes® and therefore these areas were targeted early in the
mission. Previous age determinations from crater counting have
been limited either by poorer resolution or by the small areas
imaged”’.

New HRSC crater counts have confirmed the wide range of ages
found earlier® for the Tharsis and Elysium volcanism as a whole. For
example, the ages of lavas on the flanks of Olympus Mons and
Hecates Tholus range between 3,800 and 100 Myr, spanning 80% of
the history of Mars (Supplementary Table 1). This extremely long-

Figure 1 Investigated volcanic calderas. Base maps (left panels) and counting areas (right
panels) of the investigated calderas derived from HRSC data, with crater size-frequency
measurements and derived absolute ages (middle panels). Methodology as in Fig. 3. a,
Hecates Tholus; b, Albor Tholus; ¢, Arsia Mons; d, Ascraeus Mons; e, Olympus Mons.

Scale bars, 10 km. North is at the top. Error bars, 1-o error,
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lived history of volcanic activity is at least two orders of magnitude
longer than the typical lifetime of large volcanoes on Earth, which
are normally born, grow and become extinct in less than a million
years. The very long activity of martian volcanoes implies corre-
spondingly long lifetimes of ‘hot spots’ in the planet’s interior. Hot
spots on Earth are estimated to last for 100-200 Myr (ref. 10)—are
martian hot spots different from terrestrial ones? Or does plate
tectonics on our planet disturb the dynamics or limit our ability to
trace back the total lifetimes of Earth’s hot spots?

Evidence for geologically young volcanism is abundant in the
calderas—depressions commonly found on the summits of volcanic
edifices and representing collapses due to magma migration from
subsurface reservoirs''. The HRSC data show the ages of the floors
of different collapse events within calderas on Olympus Mons,
Ascraeus Mons, Arsia Mons, Albor Tholus and Hecates Tholus (Fig.
1 and Supplementary Table 1). Most show a complex history, with
up to five different collapse episodes detectable, and widely differing
ages of the resulting floor deposits (Fig. 1). On Ascraeus Mons, for
example (Fig. 1d), the large central caldera floor is ~100 Myr old,
and cuts adjacent caldera floors, which are interpreted to have
formed ~200, ~400, and ~800 Myr ago, and perhaps earlier. The
central caldera floor of Albor Tholus (Fig. 1b) is older than that of
Ascraeus (~500Myr), and is surrounded by portions of older
caldera floors dating from ~600, ~1,600 and ~2,200 Myr ago.
These findings are in agreement with theoretical analysis, which has
suggested that subsurface magma reservoirs must cool and solidify
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between caldera collapse events, suggesting that magma supply to
major shield volcanoes on Mars must have been episodic, rather
than continuous'.

Olympus Mons, however, is unusual by comparison with other
calderas. At least five arcuate caldera wall segments can be identified
(Fig. 1e), but instead of being spread over hundreds of millions of
years in age span, as observed at Ascraeus, Albor and Hecates, the
ages of the five Olympus Mons caldera floors cluster in the period
100-200 Myr ago. Theoretically, the ages should be older for high-
lying caldera floors and younger for the caldera floors at lower
elevation. The different ages are very close to each other within the
error limits of *50 Myr of the age measurements. Thus, the
formation of all calderas could have happened in a narrow time
span around 150 Myr ago.

It is obvious, however, from the imagery that some of the caldera
floors were slightly resurfaced by subsequent thin lava flows or
tectonic processes'” such as horst and graben formation,
accompanied by mass wasting processes. Therefore, it is more likely
that the calderas formed and were modified subsequently within a
period of several tens of millions of years (equivalent to the
differences in ages around the average age of 150 Myr). If the
theoretical predictions' are correct, this implies that separate
magma reservoirs were forming, solidifying, and re-forming on
timescales averaging perhaps 20 Myr apart. Furthermore, the sum-
mit of Arsia Mons is dominated by a single huge caldera whose floor
is dated at ~130 Myr ago—falling within the time span represented
by the five Olympus Mons ages (~100-200 Myr ago).

These ages confirm some earlier measurements™ on the basis of
MOC images in small areas of the calderas of Olympus Mons and
Arsia Mons and indicate that the summits of these edifices were very
active in essentially the geological present, the last 2-4% of Mars
history. These ages provide supporting evidence for the repetitive
and episodic nature of caldera formation, and thus magma supply,
to the major shield volcanoes on Tharsis and Elysium (compare also
with Hecates Tholus in Fig. 2). It is also an interesting coincidence
that the summits of four of five of these edifices were very active
100-200 Myr ago, the period in which the crystallization ages of one
of two major groups of martian basaltic meteorites fall'*. This does
not necessarily imply a genetic relationship but is a clue suggesting
probably widespread volcanic activity on Mars at that time, gen-
erating large surface units that the basaltic meteorites may have
come from.

It has long been known that the flanking rift zones of the Tharsis

Figure 3 Olympus Mons western scarp areas. HRSC-image base map with nested MOC
data and depiction of the counting areas (left panel) and the resulting ages of the western
near-escarpment area of the Olympus Mons volcanic shield, the 7-km-high escarpment
and the adjacent plains area to the west with remnants of glacial features (five right
panels). The counts show different episodes of resurfacing with erosion of craters and
subsequent re-cratering. These episodes and processes are reflected in the different
steepnesses of the distributions on the log—log plots, giving a kinked appearance. The flat
parts show erosional effects; the steep parts show the re-cratering after the erosional
episodes. The martian impact-crater size-frequency distribution'®''* has been fitted to
the individual segments of the distribution, giving individual crater-frequency values for the
different episodes; by application of the Hartmann—Neukum chronology' individual
absolute ages can be extracted. In this way it is possible to extract the evolutionary history
of the area under investigation in detail. Here the fits to the crater frequencies partly have
the character of average isochrons for a group of counts yielding similar numbers.
Individual ages may be slightly different and are precisely given in Supplementary Table 1.
The errors of the ages are usually around 20—-30% for ages younger than 3 Gyr (only 100—
200 Myr for older ages) owing to the statistical limitations. The error bars given represent a
1-o error. In the same way, all ages of less than 2 Gyr may be affected by a possible
systematic error of about a factor of two in the cratering chronology model™ used. North is
at the top.
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Montes and lava flows cascading over the Olympus Mons scarp
postdate much of the central edifice-building activity'®. The new
HRSC data permit more precise dating of the duration of activity in
these regions. For example, on the lower flanks of Olympus Mons
(Fig. 3) are observed flows for which crater size-frequency and age
characteristics are interpreted to be representative of activity at
~115Myr ago, ~25Myr ago, and with HRSC and MOC data
combined, as recently as 2.4 Myr ago.

Hydrothermal, fluvial, and glacial activity

Further evidence of very recent and episodic geological activity on
Mars has been obtained by HRSC in the form of images and ages of
several deposits related to recent climate change. We know that
water in the form of ice exists at the polar caps and in the cryosphere
of Mars'®, and perhaps locally on the surface’. Only recently,
however, has it become clear that the extreme variability of the
obliquity of the spin axis of Mars and orbit eccentricity'® can cause
significant mobilization of polar volatiles and their redeposition
equatorward'**’. Of particular interest are the types of deposits that
are interpreted to represent the accumulation of water ice in non-
polar regions, because these are very sensitive environmental
indicators and have important implications for possible life and
future automated and human exploration.

For these reasons, early targets for the HRSC instrument were
parts of the Elysium region, and the western scarp of the Olympus
Mons volcano. On the basis of Viking imagery, channels on the
flanks of the Hecates shield have already been detected and inter-
preted as having been produced by running water*"->>. We have been
able to study the Hecates shield at a resolution of 26 m per pixel in
great detail and to determine the ages of some areas using crater-
statistics methods (Fig. 2). MOC data were also used, as indicated in
Fig. 2. The data show a wide age range over which volcanic activity
and related mobilization of water (probably released hydrother-
mally or partly released through melting of snow caps by volcani-
cally induced heating from underground) with subsequent glacial
activity occurred. Here, we present only the gross time-stratigraphic
relationships of the development in different areas on the volcano,
starting more than 3.4 Gyr ago and shaping the volcano through
different episodes of activity (for example, ~900, 400 and 50 Myr
ago) until very recent times of about 5 Myr ago. Fluvial and glacial
activity can be recognized close to or in the depressions at the
northwestern base of the volcano. In southern Elysium, to the
southwest of Athabasca Valles, surface features have been observed
on the HRSC imagery that look similar to pack-ice on Earth. The
age of these deposits is only 5 Myr—in the same range as some of the
glacial deposits on Olympus Mons and Hecates Tholus. Details of
our findings are supplied elsewhere*>**.

The other outstanding early target, the Olympus Mons volcano
(Figs 3 and 4), is a site known to be characterized by lobate deposits
thought to be of glacial origin'” and recently shown on the basis of
the NASA Mars Global Surveyor (MGS) and Odyssey mission data
to be a series of lobate rock-covered piedmont glaciers®. These
deposits are well illustrated in the new HRSC data (Fig. 4b).
Therefore, it is now possible to determine more specific ages for
them (Fig. 3 and Supplementary Table 1): 130 to 280 Myr for the
major lobes, with some subunits in the 20-60 Myr range and locally
as young as 4 Myr. These data indicate that the lobate deposits
represent several phases of formation, most probably representing
periods when significant snow and ice accumulation (possibly
accompanied by hydrothermal mobilization of water that flowed
down over the edge of the shield, entraining large amounts of non-
icy surface material and then freezing) at the Olympus Mons scarp
caused mobilization and flow of debris-covered piedmont glaciers
into the surrounding low-lying regions.

In several places along the scarp, small linear tongue-like deposits
can be seen to emerge from within the apparent accumulation zones
of the larger lobate deposits (Fig. 4c). These are interpreted to be
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debris-covered alpine glaciers® that were previously undetected.
Remarkably, the ages of these tongue-like deposits are so young that
they cannot be reliably dated because of the lack of craters on them.
These smaller tongue-like deposits are interpreted to have formed
when conditions were sufficient to cause ice accumulation and local
flow, but obviously did not form over the entire extended duration

Figure 4 Ice—dust deposits and glaciers on Olympus Mons. a, Colour anaglyph for three-
dimensional view of the region (scale bar, 30 km); labels b—k indicate designated areas
shown on panels b—k (scale bar, 2 km). b, Glacier-type lobate flow. ¢, Tongue-like flows.
d, Mesa at the scarp edge; small white square shows area of panel e. e, Part of MOC
image E05-02498 showing fine layering in the upper part of the mesa material. f, Non-
impact pits on mesa (upper right) and lava flows entering the mesa (centre left). g,
Collapse-type depression and channel. h, The edge ridge with layers and the upper part of
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represented by the underlying more widespread deposits. These
very young tongue-like deposits are characterized by depressions at
the base of the scarp and thus apparently lack an active accumu-
lation zone, suggesting that they are relict features that are no longer
forming today.

HRSC and local MOC data reveal evidence for sedimentary

U-shaped valley cut into the ridge and summit plateau. i, Glacier-type feature rimmed with
small ridges (see arrows). j, k, Perspective views (from the west) of the western scarp of
Olympus Mons showing steep ravined slopes and more gentle slopes with chaos-type
depressions in their upper parts, as well as fluvial-type channels and glacier-like flows.
The perspective view has been produced through a combination of HRSC nadir and colour
image data and the DTM derived from the HRSC stereo data. North is to the right.
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Figure 5 Base map (panels a—e) and crater statistics (four panels at bottom) of the areas
on the northwestern part of Olympus Mons investigated for possible ice—dust coverage
and age relationships. a, Mosaic of HRSC data (left) and Viking imagery (right) with the
location of the MOC images used for morphological study and age determination; scale
bar, 50 km. b—e, MOC images (scale bar, 1 km) with counting areas on flat terrain on the
escarpment ridge with its ice—dust cover. b, Areas of measurement on MOC image R10/
02399 and resulting ages derived from superposed crater frequencies. The ages are

roughly the same for all three counting areas on the basis of the fit for intermediate-sized
to large craters: 360 Myr with an uncertainty of about 70 Myr. Minor erosion of craters can
be recognized in the subtle flattening of the measured distribution in comparison with the

deposits 50—-100 m thick on the rim of the Olympus western scarp,
sometimes in the form of mesas (Fig. 4d, e). These optically bright
sediments show fine layering obviously different from that which
could potentially be formed by accumulation of the lava flows
typical of this volcano. We interpret these deposits to represent the
remnants of accumulations of dust and ice high on the Olympus
construct in previous geological periods. We believe that the
presence on some mesas of rimless and deep sinkhole-type
depressions (Fig. 4f, upper right) confirms this interpretation. In
some places we also see that lava flowing upon these deposits causes
their collapse (Fig. 4f, centre left).

Age measurements (Figs 3 and 4) show that the layers formed
more than 300 Myr ago, possibly followed by further episodic
activity or subsequent major erosional activity until about 65 Myr
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fitted theoretical production function. The bending-over characteristics at the small-crater
end here and in the other measurements in c—e stem from loss of craters at the resolution
limit of the images. ¢, Areas of measurement on MOC image E06/00290 and resulting
age of 200 = 40 Myr. d, Areas of measurement on MOC image E10/02389 and resulting
ages of 22 = 4 Myrand 31 = 6 Myr. The ages of the individual counting areas AR2 and
AR3 have been determined separately with the same results (31 Myr). The AR1

measurements show that some erosion of the ice—dust cover seems to have taken place.
e, Areas of measurement on MOC image E11/02748 and resulting ages of 23 = 5 Myr
and 72 £ 15 Myr. These ages correlate well with the ages (20 and 80 Myr) measured on
adjacent lava flows (OP2 of the base map in Fig. 3). North is at the top. Error bars, 1-o error.

ago, as seen on the escarpment ridge. Some data for the mesas, from
the frequency of some large surviving craters that belong to the
underlying substrate, yield age estimates that exceed 3 Gyr. That is
close to earlier estimates of the age of the Olympus Aureole,
interpreted to have formed by 3.4-Gyr-old gravitation slides of
material from the western shield of the Olympus construct®”**. This
is an indication that the shield of Olympus Mons had already
reached heights in excess of 7,000 m very early in its history. The
eruption rates must have been very high at the beginning of the
growth of the volcano.

Within the broad segments of the upper part of the scarp we
observe depressions (Fig. 4g) that are morphologically similar to
collapse depressions seen at the source areas of the outflow channels
of Mars. The latter are believed to form as a result of release of large
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amounts of water from below the surface, for example, the melting
of ground ice by magma intrusion***. Water (subsequently freezing
to ice) seems to have been mobilized out of the ground hydro-
thermally. The collapse-type depressions of the Olympus scarp are
also often accompanied by fluvial-type channels, although of
relatively small size (Fig. 4h). We interpret these as having been
formed by melting ice or ice-and-dust deposits via interaction with
lavas.

Glaciers on the shield of Olympus Mons

The edge of the northern part of the scarp is rimmed by a ridge also
covered with fine-layered deposits (Fig. 4j, k and Fig. 5a—e). The
HRSC-based digital terrain model (DTM) model shows that the
ridge stands 400-700 m above the surface adjacent to the east. We
interpret the deposits on the ridge as a layer of ice and dust now
protected from sublimation by a lag of dust. This ‘ice cap’ on the
ridge formed about 400 Myr ago or earlier, as determined by
measuring the superposed crater frequencies as given in Fig. 5.
We identify different episodes of subsequent resurfacing of the ice
cap at times of 200, 70 and 20-30 Myr ago. We have identified
several valleys that are transverse to the ridge and cut into it. In a few
cases, the valleys cut back into the summit plateau. The valleys have
a U-shaped cross profile and end at the scarp foot with hummocky
piles (arrows on Fig. 4a) often having lobate outlines. These are
interpreted as debris-covered piedmont glaciers. These character-
istics of the valleys suggest that glaciers ploughed them and that the
source areas of those glaciers were high on the summit plateau.
Moreover, in the potential source area of one of these valleys we see a
lobate landform whose orientation suggests glacier movement to
the east, towards the volcano centre (Fig. 4i). We estimate the age of
this landform—now covered by dust, as are almost all other land-
forms of the region—to be 200-300 Myr (Figs 3 and 4j). We see
evidence of sublimational or eolian degradation significantly eras-
ing the cratering record, which implies that the lobate landform has
not been active recently.

The colour data have been examined for effects of the
presence of water ice, such as brightening of the surface and
possibly flattening of the spectral slope. Colour ratio measure-
ments were done for 16 major terrain types. Brightness in the
four HRSC colour channels (centre wavelengths 440, 530, 750
and 970nm) was calculated by applying the scaling factors
from the ground calibration and additional factors derived
from comparison with telescopic spectral data® and cross-
calibration to data from the OMEGA experiment®'. The
measurements showed that the brightness values for each
colour channel vary only within a factor of 1.5. All the
measured ratios are close to those of “bright regions of
Mars”** indicating that all the studied terrains are dust-cov-
ered. If there is ice, then it appears to be covered and
protected from sublimation by a sublimation lag of dust on
top of the ice or ice—dust deposit.

The accumulation of ice necessary for developing the high-
altitude glaciers and the dust—ice deposits on the mesas and the
ridge could have happened at times of high inclination of the
planet’s spin axis®. Experimental data® and calculations® show
that under current climate conditions sun-illuminated water ice
(snow) sublimates quickly. But even a thin dust cover shifts the
vapour pressure in the pore space to close to the saturation pressure
and drastically decreases the sublimation rate of the buried ice™.
The buried ice (more probably an ice and dust mixture) may be
practically stable (slowly sublimating) over millions of years,
depending on the diffusive resistance of the upper dust cover against
the vapour outflow to the dry atmosphere. Therefore, the layered
deposits on the mesas and on the escarpment ridge, and the high-
altitude lobate landform may still contain ice. This suggestion may
be tested in the future by the MARSIS sounding radar’” and
OMEGA’"* experiments on board Mars Express.
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Conclusions

The new ages from the HRSC data: (1) confirm the very wide age
range (billions of years) over which the Tharsis and Elysium regions
were volcanically active; (2) reveal that summit caldera activity was
periodic and often consistent with theoretical predictions of magma
reservoir cooling and regeneration behaviour; (3) show that the
most recent summit caldera activity on the Tharsis volcanoes was
clustered ~100-200 Myr ago, practically coinciding with radio-
metric ages of several martian meteorites; (4) reveal that some of
the youngest volcanism on the Tharsis edifices appears to be as
young as several million years, thus suggesting that these volcanoes
could well erupt in the future; (5) yield evidence for former
hydrothermal mobilization of water at the western edge of the
Olympus Mons volcano shield and probably on the Hecates Tholus
volcano with subsequent development of glaciers; (6) reveal evi-
dence for very young glaciations in the tropical regions of Mars; (7)
reveal evidence for deposition of dust and ice and episodes of
glaciation high on the Olympus Mons construct; and (8) suggest
that water ice may now be present at high altitudes on the edge of the
Olympus western scarp. O
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