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Abstract: A special class of Martian outflow

channels discharged from enormous fracture zones.

These channels were sourced by groundwater, not

surface water, and when observed on high-standing

plateaus they provide paleo-indicators of climax

groundwater levels. We identify two outflow channels

of Hesperian age that issued from a 750-km-long fault

zone extending from Candor Chasma to Ganges

Chasma. One channel source stands ~2600 m above

the datum, too high to be explained by discharge from

a global aquifer. The indicated groundwater levels

require regional sources of recharge and provide

evidence that a high-standing, ice-covered lake

probably existed in eastern Candor Chasma.

Introduction:  The transition from the Noachian

to the Hesperian era represents a significant shift in

surface conditions on Mars. The crust formed during

the Noachian, and the planet was heavily bombarded

by planetesimals. It is likely that the atmosphere was

thickest and the water inventory highest during this

time because isotopic evidence shows that the planet

has lost large fractions of water and other volatile

inventories over geologic time [1]. Extensive valley

networks developed in the cratered highlands [2] and

lakes possibly formed in many craters [3]. Noachian

erosion rates are estimated to have been ~1000 times

greater than during later eras [4]. By Hesperian time,

which began 3.5–4.3 Gyr ago [4], the atmosphere had

thinned and a thick, planet-wide cryosphere may have

evolved [5]. Immense shield volcanos began forming

in Tharsis, and flood basalts inundated large areas.

The Hesperian was also the peak of outflow channel

activity [6], when enormous channels were carved

and large water bodies may have collected in the

northern lowlands [7,8]. But how did water accumu-

late in the floodwater source areas?

Polar Recharge:  Extensive groundwater re-

charge is inconsistent with the idea of a thick planet-

wide cryosphere on Mars, which would inhibit the

migration of water from the surface to underground

aquifers. To resolve this dilemma, it has been sug-

gested [8,9] that Hesperian recharge occurred at the

base of the polar layered deposits and migrated to low

latitudes in a globally connected aquifer system. Carr

[10] tested this polar recharge model using the

MOLA database of surface elevations obtained by

Mars Global Surveyor. He identified 1500 m as a soft

upper limit for the elevation at which recharge can

efficiently occur by melting beneath the south polar

layered terrains. Carr [10] concluded that major

discharges of groundwater onto the surface at eleva-

tions >1500 m are unlikely to have the South Pole as

a source. Examples of high-standing water-carved

features include valleys on the flanks of Alba Patera

and Ceraunius Tholus. These valleys could readily be

explained by local processes, such as erosion by

discharges from hydrothermal springs [2].

Outflow Channels Near Ganges Chasma:  We

have studied two specific channels that reveal new

insights about Hesperian paleohydrology. They pro-

vide evidence that regional groundwater recharge

occurred at low latitudes during one or more intervals

of Hesperian time. Elaver Vallis begins at the eastern

rim of a large, 80-km-wide Noachian crater located

south of Ganges Chasma (Figure 1A). A pit more than

5000 m deep resides inside the southern part of this

crater. We interpret this pit as being undermined and

excavated by the eruption of confined groundwater,

forming a Hesperian lake in the surrounding crater.

The crater floor is exceptionally flat and smooth. A

profile 40 km long from west to east across the center

of the crater shows that elevation varies less than ~30

m [11]. This smooth crater floor morphology is consis-

tent with lacustrine deposition. Lake levels rose so

high that the eastern crater wall was breached, leading

to catastrophic release of ponded waters and the

carving of the Elaver Vallis channel complex. The

flooding apparently occurred during the mid- to late-

Hesperian because the channel eroded lower Hesperian

strata (unit Hpl3) of the Plateau Sequence [12].

West of Elaver Vallis is Allegheny Vallis (name

provisionally approved by the IAU), a channel that

emerges from an elongated pit (Figure 1, A to C). This

channel was nearly imperceptible in Viking imagery,

but MOLA data confirm that it is a continuous valley

250 km long that terminates at the western rim of

Ganges Chasma.  At first glance, the channel looks like

a typical valley network, but in fact it is a true outflow

channel. The waters that carved Allegheny Vallis

erupted from the surface at an elevation of ~2600 m,

far above the 1500 m threshold [10] for contributions

from polar basal recharge. Could the channel elevation
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have changed over time? Extensional tectonics in the

Valles Marineris seem more  likely to have lowered

the channel than to have raised it. Therefore, if the

channel source elevation has not changed apprecia-

bly, or has been lowered since Hesperian time, or if

relative elevation differences have been preserved,

then the outflows must have derived from regional

recharge at higher elevations. Allegheny Vallis cut

upper Noachian strata [12], but it also embays Ganges

Chasma, which mainly formed during the Hesperian.

The discharge probably occurred in

mid- to late-Hesperian time, concur-

rent with the flows in Elaver Vallis.

The discharges that carved Alle-

gheny and Elaver Valles erupted

from depressions in a long chain of

pits (Figure 2) that extends 750 km

from eastern Candor Chasma to

western Ganges Chasma. We inter-

pret the pit chain as the surface

manifestation of a mega-fracture

zone or an incipient graben system

that was part of the Valles

Marineris structural complex. This

fault system would likely have cre-

ated highly anisotropic conditions in

the aquifer system, greatly enhanc-

ing the easterly flow of groundwater.

The idea that both channels were

carved by aqueous flows from the

same mega-fracture zone suggests

that the flows were concurrent. More

discharge over a longer time could

have occurred in Elaver Vallis be-

cause its outflow zone is lower in

elevation than is the source of Alle-

gheny Vallis.

We can now add Allegheny and

Elaver Valles to a special class of

Martian channels: those that were

carved by flows emerging from im-

mense fault zones. Such channels

include Athabasca Vallis, which

emanated from the Cerberus Fossae

[13], and Mangala Valles [14],

which discharged from the

Memnonia Fossae west of Tharsis.

The fact that some large Martian

channels debouched from fault zones

supports a groundwater source and aqueous flood

origin, and contradicts speculative mechanisms for

outflow channel formation, such as carving by wind

[15] or erosion by gas-supported debris flows [16].

Carbon dioxide-based models, which re-cently seemed

plausible [16,17], face theoretical difficulties that now

appear insurmountable [18,19].

Hesperian Recharge Zones: Where do we find

potential recharge areas for Allegheny and Elaver

Valles, and for most of the large outflow channels that
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emptied into Chryse Planitia? Large regions near the

Valles Marineris stand higher than 2500 m (Figure 3),

including the elevated terrain of the Tharsis plateau,

Olympus Mons, and Alba Patera. Other high-standing

terrain includes the Hesperian plains of Syria Planum,

Sinai Planum, and Solis Planum. We estimate that

over 80 percent of the high ground is covered by

Amazonian and Hesperian units [12]. We infer that

Hesperian strata occur beneath most of the Amazo-

nian units because geologic mapping [12] shows only

a few unconformities where Amazonian deposits

directly contact Noachian units. The occurrence of

widespread Hesperian volcanism over most of the

potential recharge areas for Allegheny and Elaver

Valles suggests causal relationships between long-

lived volcanism, large-scale genesis of liquid water,

and channel formation. We note that Hesperian water-

carved features may have existed in some areas now

veneered with Amazonian strata.

Canyon Lakes:  Groundwater generated west and

north of the aligned volcanos of Tharsis Montes

would have flowed westward into Amazonis or into

the northern lowlands. Groundwater east of Tharsis

Montes and south of the Valles Marineris would have

flowed generally toward the canyons, supporting ice-

covered lakes in the basins.  Water could readily have

been stored in canyon lakes beneath ice covers, even

at the equator. Thin (~1 m) deposits of dust or ash on

ice covers would stabilize sublimation  rates at ~10-5

cm yr-1 [4]. The current topographic configuration

would not permit deep lakes in the canyons because

water would drain eastward to ultimately discharge in

Chryse Planitia. Present-day topography shows that

portions of canyon floors in Melas and Coprates

Chasmas are deeper than the canyon floors to the east.

It would be possible for water bodies deeper than 1000

m to collect within them if water were released.

However, these water bodies would be limited in

height by overflow elevations of -3600 m to -3900 m

in the eastern canyons. During the Hesperian, if the

juncture between Coprates and Capri Chasmas had

been closed, lake levels to the west would still have

been limited by the ~1720 m overflow elevation of the

canyon rim at 16.08°S, 56.33°W. Much higher lakes

would have been possible in ancestral western canyons

with higher rims (e.g., Candor, Ophir, and Melas

chasmata) if they had been fully enclosed, similar to

Hebes Chasma today. Landform evolution in the

canyons provides a possible explanation for former

high lake levels and the ~2600 m outflow elevation of

Allegheny Vallis.

We interpret the geomorphic evidence described

above to propose that one or more ice-covered lakes

existed in eastern Candor Chasma (and perhaps also in

Melas Chasma and western Coprates Chasma) when

Allegheny Vallis was carved. The ice-covered lake

surfaces would have been in equilibrium with regional

groundwater levels.  Groundwater would have prefer-

entially drained eastward toward Ganges Chasma,

which may also have contained an ice-covered lake

[19]. The aquifers east of Candor would likely have

been confined beneath a cryosphere. Eventually, the

potentiometric surface in these confined aquifers rose

above the land surface, creating conditions for ground-

water breakout. High groundwater levels would have

helped to lubricate fault zones, increasing the potential

for tectonic activity. A major fault movement may

have occurred, causing groundwater breakouts to form

the pits at the source locations of Allegheny and Elaver

Valles. Heat from igneous intrusive events may also

have contributed to fluid breakouts [20].

Water Ice Reservoirs: During the Hesperian, it

appears that large volumes of liquid water were period-

ically produced near the Martian surface. The amounts

were sufficient to partially fill a proto-Candor Chasma

to >2600 m and to supply an active groundwater

system. If the ancestral canyons had been smaller and

more poorly connected than their modern counterparts,

the water volumes needed to fill the ancient canyon

lakes would have been much smaller than the canyon

volumes we observe today. A likely source for liquid

water was volcano-ice interaction [4]. We suggest that
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atmospheric conditions in mid- to late-Hesperian,

proximal to major volcanic eruptions, permitted

precipitation of snow onto elevated terrain of the

Tharsis plateau and other high terrain east of Tharsis.

The plateau may have served, in effect, as a third

“pole” of ice accretion. Precipitation would have been

catalytically aided by gaseous and particulate emis-

sions from Tharsis volcanism. Ice may also have

deposited directly as frost during the adiabatic cool-

ing of air masses rising onto and traversing Tharsis.

Even under the present atmosphere, orographic

formation of water ice clouds is common over the

Tharsis rise [21]. Ice blankets layered with aeolian

dust and volcanic ash could have accumulated at rates

that outstripped sublimation. Fan-shaped landforms in

Tharsis have been interpreted as the deposits and

remnants of cold-based mountain glaciers [22]. More

extensive former deposits would have provided

substantial reservoirs of water ice that were suscepti-

ble to catastrophic melting. Eruption of flood basalts

could have periodically melted these reservoirs and

provided large volumes of water for surface runoff

and infiltration. Highly permeable basalt aquifers

would efficiently transport meltwaters eastward from

recharge areas to the ancestral Valles Marineris

canyons. The Hesperian structural complex of Noctis

Labyrinthus (10°S, 100°W) provided a network of

surface and underground pathways that would have

enhanced drainage from elevated terrain in central

Tharsis. The underlying structural complex is proba-

bly larger than mapping indicates [12] because

Amazonian and upper Hesperian units appear to have

overlapped and concealed a large part of its surface

expression.

Conclusions:  The polar basal recharge model

[8,9] may indeed be a viable mechanism to create

groundwater recharge on Mars. However, we have

found water-carved features at low latitudes that

cannot be explained by polar recharge and seem to

require regional recharge sources on and east of the

Tharsis plateau. Our results are consistent with the

conclusions of researchers [3] who found that

paleolake activity in Martian impact craters began in

the Noachian era, but continued through the Hespe-

rian and into the Amazonian era. Mars appears to

have experienced periods of hydrologic quiescence

with intermittent and pronounced hydrologic activity

that brought about dramatic evolution of landforms

during post-Noachian time. The evidence for high-

altitude recharge at low latitudes, along with infer-

ences about ice-covered lakes in the ancestral canyons,

can be used to calibrate models of a volcanic-

hydrologic climax during Hesperian time.

Implications for Life:  Deep lakes and aquifers

would have been ideal refuges for any extant life forms

that could have evolved earlier in the Noachian. These

environs would have protected organisms from the

harsh conditions at the present-day surface. The

evidence that a Hesperian lake formerly existed in a

large, level-floored crater at 10°S, 51°W provides a

potential target for landed science missions. Sediments

deposited in the crater may preserve chemical traces of

life forms, microfossils, or even spores. As experi-

ments on Earth have shown, spore-forming bacteria as

much as 250 million years old can be isolated and

cultivated [23]. Therefore, the possibility of recovering

evidence of life, or rejuvenating ancient Martian life

remains an intriguing possibility for future Mars

missions.
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