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The plains of Aurorae and Ophir in the equatorial region of Mars display extensive geomorphic evidence indicative of paleo-hydrological processes linking surface and subsurface. Elaver Vallis in Aurorae Planum south of Ganges Chasma is an outflow channel system >180 km long, and here inferred to have formed by cataclysmic spillover flooding from a paleolake(s) contained within the Morella crater basin.

Ganges Cavus is an enormous 5-km-deep depression of probable collapse origin located within the Morella basin. The fluid responsible for the infilling of the Morella basin may have emerged at least partially through Ganges Cavus or its incipient depression.

The fluid may have been supplied also from small-scale springs within the basin. It is reasonable to assume that water, sometimes sediment-laden and/or mixed with gases, was the responsible fluid for these phenomena. Similar paleo-hydrological processes are inferred also in Ophir Planum. Water emergence may have occurred as consequences of ground ice melting or breaching of cryosphere to release water from the underlying hydrosphere. Dike intrusion is considered to be an important cause of formation for the cavi and smaller depressions in Aurorae and Ophir plana, explaining also melting of ground ice or breaching of cryosphere. Alternatively, the depressions

Introduction

Water on Mars is a subject of paramount importance. Among various water-related processes on the planet, there are long histories of studies on paleo-crater lakes (e.g., [START_REF] Cabrol | Distribution, classification, and ages of Martian impact crater lakes[END_REF][START_REF] Ori | Terraces and Gilbert-type deltas in crater lakes in Ismenius Lacus and Memnonia (Mars)[END_REF][START_REF] Malin | Evidence for persistent flow and aqueous sedimentation on early Mars[END_REF][START_REF] Pondrelli | Complex evolution of paleolacustrine systems on Mars: An example from the Holden crater[END_REF][START_REF] Di Achille | Geological evolution of the Tyras Vallis paleolacustrine system, Mars[END_REF] and cataclysmic flood channels (e.g., [START_REF] Baker | Erosion by catastrophic floods on Mars and Earth[END_REF][START_REF] Baker | The Spokane Flood controversy and the Martian outflow channels[END_REF][START_REF] Komatsu | Paleohydrology and flood geomorphology of a Martian outflow channel, Ares Vallis[END_REF][START_REF] Burr | Repeated aqueous flooding from the Cerberus Fossae: Evidence for very recently extant, deep groundwater on Mars[END_REF].

The Valles Marineris-chaotic terrain transition zone on Mars (Fig. 1) is characterized by morphologic and morphometric characteristics that are commonly interpreted to be indicative of interactions between hydrologic and tectonomagmatic activities (e.g., [START_REF] Rotto | Geologic/geomorphologic map of the Chryse Planitia region of Mars[END_REF]Mège and Masson, 1996c;[START_REF] Dohm | Evolution and traits of Tharsis superplume, Mars: Superplume International Workshop[END_REF][START_REF] Chapman | Related magma-ice interactions: possible origins of chasmata, chaos, outflow channels, and surface materials in Xanthe, Margaritifer, and Meridiani Terrae[END_REF][START_REF] Greeley | Eos Chasma, Mars: site for astrobiology[END_REF][START_REF] Komatsu | Hydrologeologic processes of large-scale tectonomagmatic complexes in Mongolia-southern Siberia and on Mars[END_REF][START_REF] Rodriguez | Headward growth of chasmata by volatile outbursts, collapse, and drainage: Evidence from Ganges chaos, Mars[END_REF].

Excellent examples of paleo-crater lakes, outflow channels, and their associated collapse features are present in this zone, providing an opportunity for assessing their inter-relationships in detail. We use the term "depression" for the collapse features in this paper in order to distinguish them from impact crater basins. And the data sets 6 [START_REF] Coleman | High channels on Mars indicate Hesperian recharge at low latitudes[END_REF][START_REF] Harrison | Tharsis recharge: A source of groundwater for Martian outflow channels[END_REF][START_REF] Russell | The Martian hydrologic system: Multiple recharge centers at large volcanic provinces and the contribution of snowmelt to outflow channel activity[END_REF]Coleman et al., 2007;Coleman and Dinwiddie, 2007). Coleman et al. (2007) conducted the first comprehensive study of Aurorae and Ophir plana, the plains near Ganges Chasma (Figs. [START_REF] Mustard | Olivine and pyroxene diversity in the crust of Mars[END_REF]2) in the Valles Marineris-chaotic terrain transition zone, described an outflow channel called Allegheny Vallis, and concluded that the floodwater emerged from the subsurface through a depression called Ophir Cavus. They also concluded that an ice-covered paleolake in Candor Chasma to the west of Aurorae and Ophir plana may have been the original source of the water that eventually emerged in Ophir Cavus.

In this paper, we present results of a combined morphological, topographical and spectroscopic analysis of Aurorae and Ophir plana utilizing newly available remote-sensing data from the Mars Express and Mars Reconnaissance Orbiter missions.

In particular, we investigated evidence of various paleolakes formed by groundwater emergence and their relationship with outflow events. We also discuss about possible mechanisms of subsurface water migration and its emergence in the region. Topography and image data were projected using the IAU 2000 reference ellipsoid for Mars (Seidelmann et al, 2002). Topographic and imagery data were map-projected and integrated into a GIS system. The projection used for geological and geomorphological mapping is Mercator, with both latitude and longitude centered at zero. Area or length measurements were performed with equal-area and equi-distant projections respectively. MOLA PEDR profiles (Smith et al., 1999) were interpolated with the Generic Mapping Tools (Wessel and Smith, 1998) at a spatial resolution of 1/128° per pixel. Absolute height values were referred to the gridded PEDR. Impact crater counting was conducted on THEMIS daytime and nighttime infrared images (at 100 m/pixel). The minimum crater diameter taken into account for the crater counting is 1 km. Calibration to absolute age was based on [START_REF] Hartmann | Martian cratering VI: Crater count isochrones and evidence for recent volcanism from Mars Global Surveyor[END_REF], [START_REF] Hartmann | Cratering chronology and the evolution of Mars[END_REF], and [START_REF] Ivanov | Mars/Moon cratering rate ratio estimates[END_REF]. The time-stratigraphic assignment was based on Tanaka et al. (1992).

Method

The Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité (OMEGA) is a visible -near infrared (VIS-NIR) image spectrometer that covers the spectral range of 0.38-5.1 µm, subdivided into three channels. The data along with the processing software are available online at the ESA Planetary Science Archive. The OMEGA data were processed using the "readomega" software version 4 released through the PDS node, and a custom IDL procedure was written to remove the atmosphere using a scaled ratio spectrum of Olympus Mons base and top (summit), considering a constant IR response (the same composition) over the flanks of Olympus Mons. Assuming this as the average atmosphere contribution, each spectrum in OMEGA images is divided by the "Olympus Mons" spectrum scaled for the main CO 2 absorption at 2.0 µm. The OMEGA analysis was conducted in the region of Aurorae Planum where the data coverage of public release is reasonable. Several OMEGA orbits cover the area of interest and were analyzed in order to derive maps from spectral signatures detectable in The OMEGA C channel data corrected with the method described above were successfully used to unambiguously map mafic mineral contents of Martian surface in terms of high and low calcium pyroxenes as well as Mg and Fe end members of olivine solid solution (forsterite and fayalite) [START_REF] Mustard | Olivine and pyroxene diversity in the crust of Mars[END_REF][START_REF] Poulet | Martian surface mineralogy from Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité on board the Mars Express spacecraft (OMEGA/MEx): Global mineral maps[END_REF]. Maps for the minerals of interest are derived using the spectral parameters defined by [START_REF] Poulet | Martian surface mineralogy from Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité on board the Mars Express spacecraft (OMEGA/MEx): Global mineral maps[END_REF]. These spectral parameters represent the band depths at 1 µm for Mg-rich olivine (forsterite), and Fe-rich olivine (fayalite) with grain size >1 mm, 2 µm band for pyroxenes (low and high calcium pyroxene). See [START_REF] Poulet | Martian surface mineralogy from Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité on board the Mars Express spacecraft (OMEGA/MEx): Global mineral maps[END_REF] for a detailed description on spectral parameters. In order to avoid "false positive" detection of minerals, we chose thresholds for detection limits (lower limits) as follows: pyroxene 0.01, forsterite 1.04, fayalite 1.02 [START_REF] Poulet | Martian surface mineralogy from Observatoire pour la Minéralogie, l'Eau, les Glaces et l'Activité on board the Mars Express spacecraft (OMEGA/MEx): Global mineral maps[END_REF].

The detailed OMEGA analysis result is presented for the orbit 0394_2 that covers 

Geomorphological units

Ganges, Eos-Capri chasmata and their surroundings (Fig. 1) are characterized by major geomorphological units including canyons, chaotic terrains, plains, interior layered deposits, craters, and channels. Many north-south-trending wrinkle ridges (~10 km in width) cross the plains. We measured the cumulative crater population density of the plains unit around Ganges Chasma (Fig. 3). Assuming that the counted craters are of impact origin, the result indicates that the overall plains surfaces range from Late Noachian to Early Hesperian in age. This is consistent with the Noachian to Hesperian ages derived by [START_REF] Scott | Geologic map of the western equatorial region of Mars[END_REF].

Aurorae and Ophir plana are covered with many circular basins that are probably impact craters of various sizes and degradation states (Fig. 2). An outflow channel system called Elaver Vallis is observed in Aurorae Planum south of Ganges Chasma,
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and it is connected with the Morella basin and terminates at the southern edge of Ganges Chasma. Another outflow channel system called Allegheny Vallis occurs in Ophir Planum west of Ganges Chasma, and it terminates at the western edge of Ganges Chasma.

Elaver Vallis and Morella paleolake

Elaver Vallis, an outflow channel system

Observations: Elaver Vallis is a >180-km-long, 70-km-wide channel system emanating from Morella, a crater basin 70-80 km in diameter (Figs. 2,4,5,7,8). It is characterized by an anastomosing pattern in its middle reach, and its floors are longitudinally grooved. The lowermost reach of the channel system is a deep V-shaped canyon with a theater-like head, which is distinctively different from the anastomosing middle reach. Sediments accumulated on the bottom of Ganges Chasma below the mouth of the V-shaped canyon, forming a large fan complex (Fig. 4). This large Elaver fan complex is adjacent to a series of smaller fans to both east and west directions along the canyon walls. All these fans have cone shapes typical of alluvial
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12 fans, and their coalescence classifies them as bajadas. The Elaver fan complex has an erosional margin that cuts an adjacent smaller fan to the west, indicating its later formation at least at its last stage of development (Fig. 4).

A cross-cutting relationship of grooves is observed (Fig. 6a), implying progressive incision in the topographically lower reach during a single event or multiple events. A portion of plains to the east of the Elaver Vallis mouth is grooved in a manner similar to the floors of Elaver Vallis (Fig. 6b). The east-west orientation of the grooves and their elevations similar to those of the grooved lower reach of Elaver Vallis (Fig. 5) imply a genetic link between the two grooved areas. Patches of chaotic terrain are distributed on channel floors in the anastomosing middle reach (Figs. 4,6c).

Interpretations:

The large dimensions, the anastomosing pattern and longitudinal grooves of probable erosional origin are consistent with the formation of Elaver Vallis by flooding of a cataclysmic nature, similar to the floods that are considered to have formed outflow channels in the circum-Chryse region and elsewhere (e.g., [START_REF] Baker | Erosion by catastrophic floods on Mars and Earth[END_REF][START_REF] Baker | The Spokane Flood controversy and the Martian outflow channels[END_REF][START_REF] Baker | The Channels of Mars[END_REF][START_REF] Komatsu | Paleohydrology and flood geomorphology of a Martian outflow channel, Ares Vallis[END_REF]. Elaver Vallis is interpreted to be an outflow channel system formed by spillover from the Morella basin: a paleolake formed within the Morella basin and eventually reached the spillover level, breaching the crater rim and flooding Aurorae Planum to the east, and formed Elaver 1993) and the Manych flooding from paleo-Caspian Sea (Komatsu and Baker, 2007), and for the Ma'adim Vallis flooding from the Eridania basin on Mars [START_REF] Irwin | A large paleolake basin at the head of Ma'adim Vallis[END_REF].

Although non-aqueous, for example, CO 2 outburst hypotheses (e.g., [START_REF] Hoffman | White Mars: A new model for Mars surface and atmosphere based on CO 2[END_REF] may not be totally ruled out, it is generally believed that CO 2 flow, liquid and/or gas, lacks the capacity for producing the diverse range of morphology observed at Elaver

Vallis (e.g., [START_REF] Coleman | Aqueous flows carved the outflow channels on Mars[END_REF]. The volcanic hypothesis proposed by [START_REF] Leverington | Volcanic rilles, streamlined islands, and the origin of outflow channels on Mars[END_REF] for outflow channels is not totally ruled out, but no clear lava flow morphology (e.g., rough lava surfaces, flow margins) is observed along the Elaver Vallis reaches even with high-resolution images.

It is difficult to clearly determine the frequency and magnitude of the Elaver Vallis flooding from the available information alone. Almost the entire plains east of the Morella basin is below an elevation level of 1800 m, and the majority of channel floors are below 1600 m (Fig. 5b). For the single-flood hypothesis, a wide sheet flood is expected to occur at the early phase of cataclysmic flooding. And the flood flow may have expanded beyond the northern bank of Elaver Vallis. However, we do not see clear erosional flood morphologies such as grooves on the plains materials north of The central channel of Elaver Vallis is below 1500 m (Fig. 5b). Thus the observation of the cross-cutting relationship of grooves in Fig. 6a is consistent with the deep incision in the central channel.

For the multiple-flood hypothesis, earlier floods may have eroded the topographically higher reaches, then later floods incised lower reaches. As discussed later, the spillway of the Morella basin rim appears to have been progressively cut low by the flood action. If this was the case, earlier floods could have taken advantage of higher potential energy from higher elevations and also larger volumes of the lakes, thus discharges for earlier floods should have been larger than those of later floods. A more precise assessment of flood discharge and inundation would require usage of numerical computer simulation programs such as the one employed by [START_REF] Miyamoto | Numerical simulations of large-scale cataclysmic floodwater: A simple depth-averaged model and an illustrative application[END_REF][START_REF] Miyamoto | Cataclysmic Scabland flooding: Insights from a simple depth-averaged numerical model[END_REF].

The MOLA-derived longitudinal profiles and cross-sectional profiles (Fig. 7)
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provide additional information on the origins of Elaver Vallis and its source area. We calculated a discharge rate range for the Elaver Vallis flooding using Manning's equation modified for Mars (e.g., [START_REF] Komar | Comparison of the hydraulics of water flows in Martian outflow channels with flows of similar scale on Earth[END_REF]. We assumed that post-flood degradation and sedimentation of the channel are negligible although later flow events from patches of chaotic terrain may have contributed to further incision of the channel floors. In the lower middle reach of Elaver Vallis, the average slope is about 0.003, which we used to approximate the energy slope. We use the average flow depth in place of the hydraulic radius on the assumption that the flow width was significantly wider than the depth. The average flow depth range used in the calculation is 30-400 m. The 30-m floodwater depth is a realistic lower limit for Martian outflow channels based on expected rates of evaporation and freezing (Wilson et al., 2004). For the upper flow depth, a value of 400 m was derived from the deepest depth of the lower middle reach. This is based on a bankfull discharge assumption for simplicity, although this assumption may not be applicable for outflow channels on Mars as suggested by others (e.g., Williams et al., 2000;Wilson et al., 2004;[START_REF] Coleman | Martian megaflood-triggered chaos formation, revealing groundwater depth, cryosphere thickness, and crustal heat flux[END_REF].

We note that highwater marks that can be used to constrain the maximum possible discharge rate are difficult to be determined in Elaver Vallis, and the bankfull discharge assumption is helpful in the comparison with previous estimates that were often (2004). The calculated discharge rate is in the range of 10 6 -10 8 m 3 s -1 .

These values are at least an order of magnitude smaller than the values estimated for the largest circum-Chryse outflow channels (e.g., [START_REF] Robinson | Magnitude of a catastrophic flood event at Kasei Valles[END_REF].

Nevertheless, the discharge rates could have been equivalent or exceeded those estimated for the greatest terrestrial cataclysmic flood events (10 6 -10 7 m 3 s -1 ) such as the Glacial Lake Missoula flooding in the northwestern United States, or the Altai and Yenisei flooding in Central Asia, which resulted from ice-dam failure(s) (e.g., O'Connor and [START_REF] O'connor | Magnitudes and implications of peak discharges from Glacial Lake Missoula[END_REF][START_REF] Baker | Paleohydrology of Late Pleistocene superflooding, Altai Mountains, Siberia[END_REF]Komatsu et al., 2099). Therefore it is an indication of cataclysmic nature of the spillover from the Morella basin. The discharge rate range of 10 6 -10 8 m 3 s -1 is also consistent with the maximum volume of water available for flooding in the hypothesized Morella paleolake (2396 km 3 ; see section 4.2.).

The lowermost reach of Elaver Vallis is characterized by a much steeper gradient (~0.13) but the flows during the presumed headward recession probably remained at relatively low discharge rates if the flows ever existed as surface runoff. We hypothesize the deep V-shaped canyon with a theater-like head to have formed after the major flooding by headward scarp recession along a pre-existing channel floor by Grooves are observed on a portion of plains not directly connected with Elaver Vallis (Fig. 6b). The responsible flood for the grooves was likely the same as the one from the Morella basin, implying that the canyon geometry in this area during the flooding was not exactly the same as today. Backwasting or downfaulting of canyon walls probably continued after the flooding, and these are likely the causes of the canyon wall modification.

The type of chaotic terrains identified in the middle reach of Elaver Vallis (Figs. 4,6c) is also known in other areas including at Ravi Vallis [START_REF] Coleman | Martian megaflood-triggered chaos formation, revealing groundwater depth, cryosphere thickness, and crustal heat flux[END_REF] and at a tributary of Ares Vallis (Rodriguez et al., 2005b). Their formation may have been related to flood excavation down to the cryosphere/hydrosphere contact [START_REF] Coleman | Martian megaflood-triggered chaos formation, revealing groundwater depth, cryosphere thickness, and crustal heat flux[END_REF] or destabilized icy deposits along the channel (Rodriguez et al., 2005b). There are dark-toned materials observed in shallow, relatively narrow (<500 m) channels that are carved in the light-toned unit in both the northeastern and northwestern parts of the basin (Figs. 8,9c). These channels originate from the rim area or from the terraces. In the moderately dark-toned plains in the central part of the basin, there are dark-toned materials that appear to be emplaced in shallow, relatively wide (up to several kilometers) channels (Fig. 8). These channels do not exhibit clearly-defined banks but are characterized by quasi-dendritic patterns following topographic lows. The dark-toned materials in both the narrow and wide channels are dark in visible images (both HRSC and THEMIS VIS), light in THEMIS infrared daytime images and dark in infrared nighttime images (Figs. 8,9c,10), similar in their visible and infrared (albedo and thermal inertia) properties to the materials occurring in the plains adjacent north of Ganges Cavus and in the areas close to the spillway. Some dark-toned materials of the channels appear to show their margins as positive relieves instead of simply filling in low topographies edge to edge. The lower terminations of the narrow and wide channels are delineated at two near-uniform elevation levels at 1200 m and 1120 m respectively (Fig. 11a), elevations chosen to maximize the fitting of

Morella paleolake
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Ganges Cavus is ~5 km deep (Fig. 7), which is equivalent to the depths of nearby Ganges Chasma. Layering is exposed in the top most inner walls of the cavus, but talus materials cover lower walls (Fig. 8). The bottom of the cavus is relatively flat, accumulating slope-derived deposits and dark dunes. We note that the dark dunes have characteristics similar in albedo and thermal inertia to those of the dark-toned materials in the Morella basin plains and in the channels (Figs. 8, 10). In addition, the wind direction inferred from slip faces of the dark dunes is from NNW, implying that at least part of the dune materials was derived from the dark-toned materials on the Morella basin floor. The sediment-transporting wind initiates flow separation [START_REF] Bourke | Aeolian sediment transport pathways and aerodynamics at troughs on Mars[END_REF] at the upwind wall of Ganges Cavus and probably deposits the sediments on the cavus floor. A group of elongated, low-profile hills are observed in the southeastern part of the Morella basin floor between Ganges Cavus and the spillway (Figs. 8,10).

A crater named Johnstown characterized by its irregular rim is located to the north of these hills. We identified a small channel originating from a shallow depression outside of the Morella basin southwest rim (Fig. 9d).

The OMEGA analysis reveals interesting results for the Morella basin (Fig. 11b, 11c, 11d). Our detailed co-registration work of the OMEGA maps (derived from orbit enhanced pyroxene concentrations are apparent on the bottom of Ganges Cavus (Fig. 11b), and one of the areas corresponds to dark dunes. Pyroxene is distributed also outside of the Morella basin. The floor of the Morella basin is enriched in olivine minerals, both forsterite and fayalite, and their presence outside of the basin is not confirmed either because they do not exist or their presence is under the instrumental detection limits (Fig. 11c,d). Their distribution patterns in the basin are broadly consistent with that of olivine mapped by the OMEGA team [START_REF] Mustard | Olivine and pyroxene diversity in the crust of Mars[END_REF].

Olivine minerals appear to be highly enriched in the light-toned basin unit distributed in and consider that the 1250-m level represents the final outflow elevation. We adopted this spillway elevation and estimated the volume of the paleolake (Table 1). The volume of Ganges Cavus, which may or may not have been part of the paleolake, was estimated separately. The paleolake volume for 1780 m was also estimated assuming that the topographic contour closes at this level (Table 1). The lake draining from the [START_REF] Irwin | A large paleolake basin at the head of Ma'adim Vallis[END_REF]. Thus, the maximum volume of water available for the Elaver Vallis flooding was likely similar to that of the Glacial Lake Missoula flooding. But the exact process of the spillway downcutting in the Morella basin rim could have been considerably different from that of ice-dam failure associated with the Glacial Lake Missoula flooding.

We note that no convincing observations, such as deltaic bodies and wave-cut terraces, indicative of a long-lasting stable paleolake exist in the Morella basin. The discontinuous chain of degraded terraces may mark a shoreline formed by modification of these features due to construction and erosion of wave action, but alternative interpretations are that they represent either slumped inner rim materials or impact-excavated lower strata of a multi-layered crust. However, the Morella basin
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may record other lines of evidence for a paleolake of at least temporal presence as indicated by the lower terminations of channels, which are interpreted to be shorelines separating incoming fluid and a standing body of water. We estimated volumes of the purported paleolake reconstructed from the elevations of the possible shorelines at 1200 m and 1120 m (Fig. 11a) assuming that the topography of the Morella basin has not changed drastically since the paleolake formation (Table 1).

The observations. 1) The pyroxene-rich dark-toned materials stratigraphically underlie the olivine-rich materials, and the former were exposed on the surface by fluid and wind erosion. We cannot totally rule out this hypothesis, but it is difficult to explain why the pyroxene-rich dark-toned materials occur in channels and topographic lows at variable elevations.

2) The pyroxene-rich dark-toned materials were likely emplaced over the olivine-rich materials by fluvial and lacustrine processes, represented by the dark-toned channels and the dark-toned plains respectively. In the central part of the basin, the emplacement was likely partial, leaving some olivine-rich materials exposed. In this scenario, the distributions of the pyroxene-rich dark-toned materials could reflect that either they are leftover sediments, consisting of relatively fine-grained particles, of the Elaver flooding and/or of the receding paleolake, or influx of materials occurred from the surrounding crater rim, for example by springs, into the paleolake. The positive-relief property of the dark-toned materials may be due to erosional processes that modified their margins. However, layering, typical of fluvial and lacustrine sediments, is not observed in the examined high-resolution images (e.g., Fig. 9b).

3)

The pyroxene-rich dark-toned materials are eolian or volcanic deposits that filled in channels and topographic lows, or are superficial eolian or volcanic deposits that constitute the topmost part of sediments filling in channels and topographic lows. The olivine-rich units were discovered in eastern Ganges Chasma by THEMIS observation [START_REF] Christensen | Morphology and composition of the surface of Mars: Mars Odyssey THEMIS results[END_REF], and because olivine is unstable in aqueous conditions it was argued that 1) significant subsurface weathering did not occur in this region, or 2) significant surface weathering has not occurred since these units were exposed. The most plausible explanation for its survival in the Morella basin floor is that the time scale for the extensive hypothesized hydrological activities was too short to cause appreciable alteration although it is difficult to quantify the length of the time. Such scenario may also explain the absence of detected hydrated minerals in the area at least with the OMEGA spatial resolution.

We point out a possibility that the olivine-rich materials were formed by magmatic processes during the possible dry period lasting up until today after the last paleolake event.

This scenario explains the survival of olivine minerals. However, non-aqueous processes of channel formation and emplacement of the dark-toned materials during the dry period may need to be accounted for. The channel formation could still be attributed to aqueous processes but of limited extent, such as localized springs, in order to avoid alternation of the olivine minerals. In this scenario, the pyroxene-rich dark-toned materials may have been brought in the Morella basin floor by wind from the outside or produced locally by magmatic processes.
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Finally, non-aqueous origins such as the CO 2 outburst hypothesis [START_REF] Hoffman | White Mars: A new model for Mars surface and atmosphere based on CO 2[END_REF] for Elaver Vallis may explain the survival of olivine minerals in the Morella basin. As mentioned earlier, the validity of such hypothesis has not been accepted. It remains to be investigated if the olivine survival is related to its existence in a non-aqueous environment.

5. Allegheny Vallis, Walla Walla Vallis, and paleolake formation in a 40-km-diameter basin

Allegheny Vallis, an outflow channel system

Observations: In Ophir Planum, Allegheny Vallis originates from a 1800-m-deep elongated depression called Ophir Cavus (Fig. 12) [START_REF] Dinwiddie | Walla Walla Vallis and Wallulla Crater: two recently discovered Martian features record aqueous history[END_REF]. Terraces are observed at the upper reach of Allegheny Vallis (Fig. 13a), and layered outcrops occur on the bottom of Ophir Cavus (Fig. 13b). The uppermost layer of these outcrops in Ophir Cavus appears to be light toned. A northern tributary of Allegheny Vallis originates from small depressions (Figs. 12,13c). The Allegheny Vallis system is slightly longer than Elaver Vallis but narrower in width. It is ~200 km long and the
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29 maximum width is 15-25 km at its expanded reaches (Fig. 12). Allegheny Vallis' middle reach is anastomosing and exhibits a complex pattern of scablands (Coleman et al., 2007). Longitudinal grooves are developed on some parts of its floors. At its middle reach, the channel cuts across a low north-south-trending ridge (Fig. 12) that is interpreted to be part of a wrinkle ridge system concentric to the Tharsis bulge (e.g., Wise et al., 1979;Mège and Masson, 1996b). Expansion of the reach is observed after the breaching of the wrinkle ridge (Fig. 12). A deep V-shaped canyon with theater-like heads is observed in the expanded lowermost reach of Allegheny Vallis (Fig. 12).

Interpretations:

The morphological characteristics, in addition to its large-scale dimensions, make it possible to classify Allegheny Vallis as an outflow channel system formed by cataclysmic flooding, probably of water. Either single or multiple flooding is envisaged for its formation, and the terraces (Fig. 13a) could have resulted from waning of single flood or from multiple floods. The discharge rate range for Allegheny Vallis was estimated by Coleman et al. (2007) to be 0.7-3 x 10 6 m 3 s -1 with an assumed water depth range of 30-60 m. This value range is in general significantly lower than the estimated discharge rate range for Elaver Vallis (10 6 -10 8 m 3 s -1 ), but it is explainable mainly because 1) Elaver Vallis is deeper and wider than Allegheny Vallis,

2) a bankfull discharge assumption was applied for estimating the upper limit of flow The cross-cutting relationship indicates that the channel formation postdates that of the wrinkle ridge. The terminal deep V-shaped canyon is similar to the terminal V-shaped canyon associated with Elaver Vallis, and groundwater sapping/debris flow processes after the flooding were probably responsible for its formation.

Walla Walla Vallis

Observations: Wallula, a crater basin approximately 12 km in diameter is pierced by Walla Walla Vallis. Walla Walla Vallis (~40 km long) (Figs. 12, 14) is connected with a pit-crater chain to the south of the crater basin. Another channel originating from Ophir Cavus and merging with Walla Walla Vallis was noted by [START_REF] Dinwiddie | Walla Walla Vallis and Wallulla Crater: two recently discovered Martian features record aqueous history[END_REF].

The floor of the Wallula basin is filled with a dark-toned deposit that seems to have its eastern margin raised above the basin floor. This positive-relief property is similar to that of the dark-toned materials on the Morella basin (Fig. 9b). A channel segment of Walla Walla Vallis is carved on this deposit (Fig. 14).
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31 Interpretations: The system of Walla Walla Vallis and the Wallula basin was first studied by [START_REF] Dinwiddie | Walla Walla Vallis and Wallulla Crater: two recently discovered Martian features record aqueous history[END_REF], and they suggested it to have sourced water from the pit-crater chain. The dark-toned deposit in the Wallula basin seems to have been transported, at least partially through Walla Walla Vallis, from the pit-crater chain.

This is consistent also with the fact that similar dark-toned materials are observed also in the vicinity of the pit-crater chain (Fig. 14). Two interpretations are possible for the origin of the dark-toned deposit: 1) the fluid emerged from the pit-crater chain and transported to the Wallula basin was a water-sediment mixture such as hyperconcentrated flow or debris flow; 2) the dark-toned deposit consists of volcanic materials derived from the pit-crater chain, which is a hypothesis similar to the one proposed in western Memnonia [START_REF] Leverington | An igneous origin for features of a candidate crater-lake system in western Memnonia, Mars[END_REF].

Paleolake in a 40-km-diameter basin

Observations: An unnamed crater basin 40 km in diameter east of Wallula exhibits a fan-shaped deposit at the mouth of a short valley cutting into the rim on its northeastern section (Fig. 15a). The lower larger fan's external geometry is characterized by a broadly flat, low-gradient top portion and steep front slopes inclining towards the basin.
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Layers are visible at the front slopes (Fig. 15b). A smaller, much thinner multi-leveled fan complex is superposed on top of the lower fan (Fig. 15b). The valley behind the fan-shaped deposit has somewhat unusual morphology for a fluvial valley: it consists of two quasi-circular depressions along its long axis (Fig. 15a). An elongated depression is carved in the southern rim of this basin, and a small valley is incised into a massif east of the basin (Fig. 15a).

Interpretations:

The external geometry of the fan-shaped deposit is similar to what is often observed with a deltaic body called Gilbert-type delta, thus it is likely a fan delta (Di Achille and [START_REF] Di Achille | Using HRSC and HiRISE for the study of Martian depositional environments: an example from Ophir Planum[END_REF]. Gilbert-type deltas commonly occur on Earth [START_REF] Gilbert | Lake Bonneville[END_REF], and possible Gilbert-type deltas have been found elsewhere on Mars (e.g., [START_REF] Ori | Terraces and Gilbert-type deltas in crater lakes in Ismenius Lacus and Memnonia (Mars)[END_REF]. The layers observed at the front slopes imply vertical stacking of sediments or erosional exposure of sediments deposited by progradation. Two interpretations are possible for the observation of the lower fan and the thinner multi-leveled fan complex: 1) the lower fan formed first with a larger amount of sediment supply, and the upper fan formed later with a smaller amount of sediment supply; 2) the lower fan and the upper fan together formed a fan delta that was later eroded to form multiple scarps, which is an interpretation similar to that of a multi-level fan complex at the mouth of Tyras Vallis [START_REF] Di Achille | Geological evolution of the Tyras Vallis paleolacustrine system, Mars[END_REF].
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The presence of a fan delta indicates that this basin was inundated by fluid, most likely water, sometime in the past. The elevation of the main delta front (~1300 m) coincides with channel termini of the centripetal drainage system positioned inward of the rim (Di Achille and Komatsu, 2008) (Fig. 15a). This level most likely represents a paleolake surface.

Discussion

Emergence of water from Ganges and Ophir cavi, and other smaller depressions

With the scarcity of observed impact craters within 5-km-deep Ganges Cavus possibly due to slope failures of its steep walls and accumulations of mass-wasting materials on the bottom, establishing the age relationship between this depression and other geological units is a difficult task. The timing of the Ganges Cavus formation could have been 1) before the formation of the purported paleolake, 2) concurrent with the paleolake, or 3) after the disappearance of the paleolake. We argue that Ganges Cavus, not necessarily at its present geometry, was possibly a source of water that filled the Morella basin up to over 1700 m. Precipitation in the area may not be ruled out as
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the source of water in the basin. In fact, the formation of dendritic valleys found near Echus and Melas chasmata of the Valles Marineris system has been attributed to precipitation [START_REF] Mangold | Evidence for precipitation on Mars from dendritic valleys in the Valles Marineris area[END_REF][START_REF] Quantin | Fluvial and lacustrine activity on layered deposits in Melas Chasma, Valles Marineris, Mars[END_REF]. However, no clear occurrence of similar fluvial valleys in the areas of Aurorae and Ophir plana has been noted to date. This does not necessarily exclude the precipitation hypothesis, but it is uncertain in these areas. This leaves groundwater rising through, but not restricted to, Ganges Cavus as the probable mechanism of water supply within the Morella basin.

This view is consistent with [START_REF] Coleman | High channels on Mars indicate Hesperian recharge at low latitudes[END_REF]Coleman et al. ( , 2007) ) and Coleman and Dinwiddie (2007), who interpreted Ganges Cavus as being undermined and excavated by the eruption of confined groundwater. Emergence of groundwater is envisaged also in the cases of chaos-originated outflow channels that are common in the circum-Chryse region [START_REF] Rotto | Geologic/geomorphologic map of the Chryse Planitia region of Mars[END_REF] or of fracture-originated outflow channels (e.g., [START_REF] Burr | Repeated aqueous flooding from the Cerberus Fossae: Evidence for very recently extant, deep groundwater on Mars[END_REF][START_REF] Ghatan | Mangala Valles, Mars: Assessment of early stages of flooding and downstream flood evolution[END_REF]. The channels observed in the Morella basin floor (Fig. 8) indicate that water may have emerged not only from Ganges Cavus but also from many other localized small-scale springs with in the basin.

The water emerging from Ganges Cavus may have rapidly or slowly filled the Morella basin. After the paleolake reached the initial spillover elevation, a large quantity of water was drained to Elaver Vallis through the spillway, and the peak 11a). The lower terminations of channels at 1200 m and 1120 m may record paleolake levels in the Morella basin during the receding phase (Figs. 8,11a). The morphologies of the elongated hills (Figs. 8,10) observed in the area between Ganges Cavus and the spillway, and Johnstown, a probable degraded impact crater, may be related to the movement of water during the emergence from Ganges Cavus, the cataclysmic draining to Elaver Vallis, or the receding phase of the remaining paleolake.

The cataclysmic nature of the spillover from a crater lake may be explained by rapid incision/failure of the crater rim and consequent increase of discharge. Both of these factors have a feedback on each other, further increasing the scale of flooding. We note that possible rapid emergence of water from Ganges Cavus itself could have also contributed to the high-discharge flood flows. In the case of Allegheny Vallis, the source of the flooding was clearly Ophir Cavus. And the cataclysmic nature of the
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flooding requires that water had to come out of the cavus rapidly.

In addition to Ganges and Ophir cavi, other smaller depressions exhibit evidence for water emergence. For example, Walla Walla Vallis and the Wallula basin appear to have received a water-sediment mixture from a pit-crater chain to the south, although we cannot rule out volcanic origin for the observed features. Both the pit-crater chain and Walla Walla Vallis are an order of magnitude smaller than Ophir Cavus and Allegheny Vallis respectively, implying a much smaller scale of water emergence. The small channel to the southwest of the Morella basin (Fig. 9d) and the branch of Allegheny Vallis also originate from shallow depressions (Fig. 13c).

The evidence for water emergence from depressions to explain the hypothesized ponding within the 40-km-diameter basin is less certain but it is a possibility (Fig. 15a).

The local elevation level of 2550 m (Fig. 16b) indicates that the floodwater of Allegheny Vallis may have inundated and ponded in the plains near Ophir Cavus at least temporarily before deep incision, consistent with the inference by Coleman et al. (2007).

The valley behind the possible fan delta or its ancestral valley was likely a conduit for the water flowed from the plains. Thus, one possible scenario is that the Allegheny Vallis floodwater flowed into the basin, forming a paleolake and the fan delta. Water may have been provided also through the small valley incised into a massif east of the
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basin from other unidentified source (Fig. 15a). Another possibility to be considered is that the water originated within the valley behind the fan delta, where the two quasi-circular depressions comprising the valley are morphologically similar to the pit-crater chain from which water emerged and flowed into the Wallula basin (Fig. 14).

We point out that the elongated depression carved in the southern rim of this basin and localized small-scale springs feeding the centripetal drainage system may have been alternative or additional sources of water (Fig. 15a).

If the hypothesized hydrological activities occurred during the period(s) of no or limited crysophere development, the water may have emerged in various depressions and crater basins by regional groundwater table rising. Water may have also emerged as springs or seepages from various locations in Aurorae and Ophir plana, filling in depressions and crater basins. But this mechanism may not explain some observations indicating rapid emergence of water from depressions (e.g., Ophir Cavus and possibly Ganges Cavus).

Spring mechanism has been proposed to explain interior layered deposits (i.e., light-toned deposits) in Valles Marineris [START_REF] Rossi | Large-scale spring deposits on Mars?[END_REF], and emergence of water may have been common also in Aurorae and Ophir plana. Recent detection of silica-rich alteration products (SiOH-bearing phases) in finely-layered strata distributed
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in the plains surrounding Valles Marineris chasmata [START_REF] A C C E P T E D M A N U S C R I P T Accepted Manuscript 54 Le Deit | Light-toned layers on plateaus above Valles Marineris (Mars)[END_REF][START_REF] Milliken | Opaline silica in young deposits on Mars[END_REF]) is generally consistent with our view that these plains experienced extensive hydrological processes in the past. However, the timings for all these hydrological events are unknown.

Water releasing mechanisms

Water may have been stored as both groundwater or ground ice within the crust if a cryospshere existed. However, we currently lack information on the actual depths of cryosphere on Mars, let alone in the geological past. [START_REF] Clifford | A model for the hydrologic and climatic behavior of water of Mars[END_REF] and [START_REF] Clifford | The evolution of the Martian hydrosphere: Implications for the fate of a primordial ocean and the current state of the northern plains[END_REF] theoretically derived depth to the base of the equatorial cryosphere on Mars as 2.3-11 km, 2.3-4.7 km, respectively. In comparison, depths of the cavi identified in our study area as water sources are: Ganges Cavus, ~5 km; Ophir Cavus, 1800 m. If emergence of water from Martian crust requires melting of ground ice or breaching of cryosphere to release water from the underlying hydrosphere, the great depths of the cavi and their isolated nature indicate that melting of cryopshere was intensive but nonetheless localized.
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Pit-crater chains on Mars were extensively studied by Wyrick et al. (2004). They concluded that dilational normal faulting and sub-vertical fissuring provide a simple and comprehensive mechanism for their development. They pointed out that pit-crater chains and the underlying dilational faults or fissures, may provide pathways for magma, although dikes and magma chambers are not necessarrily required for formation of the pit-crater chains. The pit-crater chains in Ophir Planum are hypothesized to have formed over intruding dikes [START_REF] Schultz | Do pit crater chains grow up to be Valles Marineris canyons?[END_REF][START_REF] Okubo | Evidence of normal faulting and dike intrusion at Valles Marineris from pit crater topography[END_REF]. This hypothesis is consistent with the emergence of water from these pit craters since the magmatic heat in the Valles Marineris region (e.g., [START_REF] Mckenzie | The generation of Martian floods by melting permafrost above dykes[END_REF] could have melted ground ice or, as a consequence of the melting, released groundwater stored underneath the cryosphere in the crust. Similarly, interaction of rising dikes and the Martian hydrosphere and its consequent pit or chaos formation were discussed previously (e.g., Mège and Masson, 1996c;[START_REF] Meresse | Formation and evolution of the chaotic terrains by subsidence and magmatism: Hydraotes Chaos[END_REF]. Thus we consider dike intrusion to be an importatn cause of formation for the cavi and smaller depressions in Aurorae and Ophir plana, explaining also melting of ground ice or breaching of cryosphere. Wrinkle ridges and underlying faults have been proposed as local sources of water in southwestern Chryse Planitia [START_REF] Rodriguez | Formation and disruption of aquifers in southwestern Chryse Planitia, Mars[END_REF]. proposed by [START_REF] Rodriguez | Headward growth of chasmata by volatile outbursts, collapse, and drainage: Evidence from Ganges chaos, Mars[END_REF] to have evolved by clustering of chaotic terrains formed by depressurization-induced or thermally-triggered dissociation of buried gas clathrate hydrates and explosive eruption of gas-saturated groundwater. Furthermore, the cataclysmic emergence of water by this mechanism for both CO 2 and CH 4 hydrates was proposed for the genesis of chaotic terrains and outflow channels (e.g., [START_REF] Komatsu | A chaotic terrain formation hypothesis: Explosive outgas and outflow by dissociation of clathrate on Mars[END_REF][START_REF] Max | The initiation of Martian outflow channels through the catastrophic decomposition of methane hydrate[END_REF] east of Ganges Chasma (Fig. 1). A similar process involving clathrate hydrate may have operated also at Ganges and Ophir cavi, and other smaller depressions. Recent spectral identification of hydrous sulfates in nearby Gangis Chasma [START_REF] Quantin | Stratigraphy and elevation distribution of sulfate deposits in Valles Marineris[END_REF] may indicate another mode of water release in the region. [START_REF] Montgomery | Formation of Martian outflow channels by catastrophic dewatering of evaporite deposits[END_REF] proposed that in Tharsis increased temperatures adequate to dehydrate hydrous evaporites would trigger significant volumetric expansion and cataclysmically release tremendous amounts of overpressured water.
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This process produces a water-dehydrated salt mixture that expands volumetrically over the original hydrous salt (as much as over 50%). This mechanism possibly explains the emergence of water from the cavi and other smaller depressions. We note that the hypothesis of a "mega-slide" driven by constinental-scale salt tectonics to explain Valles Marineris chasmata [START_REF] Montgomery | Continental-scale salt tectonics on Mars and the origin of Valles Marineris and associated outflow channels[END_REF] provides a mechianism for discharging at the margin of the deforming area, including Aurorae and Ophir plana.

Although the examined OMEGA data do not present evidence for hydrous sulfates in Aurorae and Ophir plana at their spatial resolutions, the bright layered materials at the bottom of Ophir Cavus could contain such minerals or dehydrated salts. The spatial resolution of spectral instrument is important in determining the detection potential of salt minerals (e.g., [START_REF] Komatsu | Playa environments on Earth: Possible analogues for Mars[END_REF], thus it needs to be investigated with higher spatial-resoultion spectral data such as those acquired by CRISM. Planum as proposed by Coleman et al. (2007). Locations of Ophir and Ganges cavi, and also other smaller depressions are approximately in line with subsidence features such as Ophir Catenae and large canyons of Candor Chasma (Fig. 16a). All the depressions also have approximate east-west orientations, being concordant with orientations of fractures radial to the Tharsis bulge (e.g., Wise et al., 1979).

Furthermore, these depressions have en echelon alignment (Fig. 2). This en echelon alignment noted also in earlier works (e.g., [START_REF] Schultz | Do pit crater chains grow up to be Valles Marineris canyons?[END_REF]Mège and Masson, 1996a;Coleman et al., 2007) indicates that these depressions are related to each other and there is clearly a structural control over these features. Such structural control may have been provided by dike swarms (e.g., [START_REF] Schultz | Multiple-process origin of Valles Marineris and troughs[END_REF], and the pit-crater chains may be a surface expression of laterally propagating subsurface dikes or hydrofractures [START_REF] Schultz | Do pit crater chains grow up to be Valles Marineris canyons?[END_REF]. Therefore one cause of water emergence from Ophir and Ganges cavi, and
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other smaller depressions is related to long-range (hundreds of kilometers) structurally-controlled groundwater migration. Past groundwater activities at some sites of Mars, particularly in the region stretching from Arabia Terra to Valles Marineris, are hypothesized based on mineralogy (e.g., [START_REF] Geissler | An unusual spectral unit in west Candor Chasma: Evidence for aqueous or hydrothermal alteration in the Martian canyons[END_REF][START_REF] Chan | A possible terrestrial analogue for haematite concretions on Mars[END_REF][START_REF] Mclennan | Provenance and diagenesis of the evaporite-bearing Burns formation, Meridiani Planum, Mars[END_REF], morphology (e.g., Ormö et al., 2004;Treiman, 2008;[START_REF] Rossi | Large-scale spring deposits on Mars?[END_REF], or halos along fractures [START_REF] Okubo | Fracture controlled paleo-fluid flow in Candor Chasma[END_REF]Okubo et al., in press).

Thus groundwater activities on Mars may have been wide spread.

We hypothesize that a large volume of groundwater originated in higher plains areas in western Ophir Planum migrated through a system of subsurface fractures and/or caverns (Fig. 16). The water eventually emerged in Ophir and Ganges cavi, and other smaller depressions, and even in crater basins. The western plains areas were proposed to have been where water originated, and an ice-covered paleolake in Candor Chasma further west may have been another source of water [START_REF] Coleman | High channels on Mars indicate Hesperian recharge at low latitudes[END_REF](Coleman et al. , 2007)).

Groundwater may have been stored in confined aquifers, or water ice may have melted owing to magmatic heating or climatic change. The groundwater can also migrate through a permeable crustal medium, but a presence of fractures and/or caverns enhances and focuses water mobility. Migration of water would be greatly increased if caverns exist: a cavern system was envisaged between Ganges Chasma and the
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Shalbatana Vallis headwater source (Fig. 1) [START_REF] Rodriguez | Nature and hydrological relevance of the Shalbatana complex underground cavernous system[END_REF]. We add that hydraulic conductivity can be enhanced also by the presence of buried impact craters in the area (Rodriguez et al., 2005a). Ground penetrating radars such as the Mars Advanced Radar for Subsurface and Ionospheric Sounding (MARSIS) and Shallow

Subsurface Radar (SHARAD) may provide data that confirm or reject such hypotheses.

How the crustal water (in liquid or ice form) had become enriched to cause the hydrological activities observed in Aurorae and Ophir plana has to be explained.

Climatic shift is a possible mechanism for both deposition of water on the surface and recharging of aquifers. For example, snowpacks or glaciers on the Tharsis rise, formed during periods of high obliquity when precipitation occurs at low latitudes (e.g., [START_REF] Jakosky | Possible precipitation of ice at low latitudes of Mars during periods of high obliquity[END_REF][START_REF] Abe | Four climate regimes on a land planet with wet surface: Effects of obliquity change and implications for ancient Mars[END_REF] have been suggested to be an efficient source of recharge and may have provided hydraulic head for the circum-Chryse outflow channels [START_REF] Harrison | Tharsis recharge: A source of groundwater for Martian outflow channels[END_REF][START_REF] Russell | The Martian hydrologic system: Multiple recharge centers at large volcanic provinces and the contribution of snowmelt to outflow channel activity[END_REF]. This mechanism could have stored crustal water necessary also for the hydrological activities observed in Aurorae and Ophir plana (Coleman et al., 2007). 

  acquired by the Mars Global Surveyor and Mars Odyssey missions have already shed new light on the lacustrine-fluvial history and possible recharging mechanisms (e.g.,

7

  An integrated analysis utilizing a multi-spatial-resolution, multi-spectral planetary data set allows simultaneous interpretations of landforms in regional to local contexts. In this study, we investigated areas in Aurorae and Ophir plana using Viking imagery, Mars Orbiter Laser Altimeter (MOLA) Digital Elevation Models (DEMs), wide and narrow angle Mars Orbiter Camera (MOC) images, Thermal Emission Imaging System (THEMIS) visible (VIS) and infrared (IR, both daytime and nighttime) images, High Resolution Stereo Camera (HRSC) images, and High Resolution Imaging Science Experiment (HiRISE) images. The remote sensing images were radiometrically and geometrically calibrated with the United States Geological Survey -Integrated Software for Imagers and Spectrometers (ISIS) software system.

  of OMEGA C (court) channel: pyroxene, olivine and hydrated minerals: 0394_2, 0894_2, 0905_6, 0916_6, 0938_6, 0971_5, 1004_6, 1015_6, 1264_1, 1297_1, 1341_2, 1513_5, 1590_5. The above orbits either cover the area of interest, either overlap orbits of interest in order to compare a certain spectral feature observed on the ground to isolate it from possible interferences due to water ice clouds or atmospheric residuals from the atmospheric correction itself.

  third of the Morella basin. The orbit was chosen because it has a relatively high spatial resolution (~1.1 km), and the detected spectral units in this data set are well correlated with albedo features or geomorphologically distinctive units on the surface, and most importantly it has low 2.0 µm water ice clouds absorption band.

  type of spillover flooding has been hypothesized for terrestrial cataclysmic floods including the Bonneville flooding in western U.S.A. (O'Connor,

  indicates that the sheet flood neither passed over nor left erosional features on these materials perhaps because it effectively and rapidly excavated an incipient channel. As the flooding progressed, deep incision took place and the flood flow was more confined. Alternatively, the high degree of floodwater dissipation led to extensive sedimentary deposition during the early stages of outflow channel activity.

  same assumption. The Manning coefficient (friction factor) was assumed to be 0.04-0.06, bracketing the number 0.0545 recommended by Wilson et al.

  groundwater sapping or debris flows. The V-shaped canyon and the Elaver fan complex may have formed during the late-stage epoch of intense fluvial activity (latest Noachian to early to mid-Hesperian), which was discussed by[START_REF] Howard | An intense terminal epoch of widespread fluvial activity in the Martian highlands: 1. Valley network incision and associated deposits[END_REF].

  The Morella basin exhibits diverse features that indicate its complex history (Fig.8). The basin rim in the east is open as a spillway for Elaver Vallis, and grooves are observed nearby (Fig.9a). A discontinuous chain of degraded terraces is observed along the inner rim of the Morella basin. Dark-toned plains are distributed adjacent north of a large depression called Ganges Cavus located at the southern part of the basin and also in the areas close to the spillway (Fig.8). High-resolution images of the plains reveal dark-toned materials that are relatively flat-lying and are characterized, at least locally, by their margins raised above the adjacent basin floor (positive relief) (Fig. 9b). Moderately dark-toned (or moderately light-toned) plains with varying shades are distributed in the central part of the basin. Some of the plains are as dark as the plains adjacent north of Ganges Cavus. THEMIS infrared data indicate that the dark-toned plains adjacent north of Ganges Cavus and in the areas close to the spillway are lighter in the daytime image but darker in the nighttime image in comparison to their surrounding Morella floors (Fig. 10). Thus these dark-toned plains are probably filled or covered with materials that have relatively low thermal inertia values compared with the materials of the surrounding floors. In comparison, the light-toned unit exposed in the northwestern and also northeastern parts of the basin seems to have materials with relatively high thermal inertia values. The moderately central basin plains probably have materials with intermediate thermal inertia values.

  the western two-third of the basin and the HRSC image found good correlations between some mineral occurrences and geological units. Pyroxene is concentrated in the dark-toned plains adjacent north of Ganges Cavus and in moderately dark-toned north-central basin plains. Although the spatial resolution of the OMEGA data we used does not permit to study the composition of the dark-toned materials observed in the wide channels of the central basin area, a recently released Compact High Resolution Imaging Spectrometer (CRISM) data set (image number FRT000083F4) confirms that they are enriched in pyroxene. In addition, areas with

  the northwest part of the basin and moderately enriched in moderately dark-toned west-central basin plains. Their distributions in the central basin area do not coincide A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT 22 well with that of pyroxene. The olivine minerals are not detected in the dark-toned plains adjacent north of Ganges Cavus. Hydrated mineral absorptions centered at around 1.9 µm are not detected in the Morella basin.Interpretations: The highest elevation indicative of spillover is ~1780 m according toColeman et al. (2007) based on a small cross-over channel (Fig.8). At the 1780-m level, the topographic contour line does not close within the Morella basin on the east side. Degradation of the rim during the flooding or after disappearance of a paleolake at 1780 m may explain this situation. The MOLA grid data indicate that the range of 1460-1480 m is the elevation at the spillover gap that was most likely resulted from flood incision. However, this elevation may be a false artifact overestimated by smoothing effect of interpolation in an area without MOLA tracks as pointed byColeman et al. (2007). They instead measured elevations of the Morella floor west of the gap (1230 m) and of the Elaver Vallis floor east of the gap (1250 m) respectively,

  have been a powerful event. Indeed, the grooved morphology observed inside the Morella basin near the spillway testifies for the high-energy nature of the spillover event(Figs. 8, 9a). The probable maximum volume of the paleolake above the final spillway elevation (1250 m) assuming the elevation level of 1780 m was estimated, and it is ~2396 km 3 . This value is nearly equivalent to the volume of the Glacial Lake Missoula (2184 km 3 ;[START_REF] Clark | Outburst floods from glacial Lake Missoula[END_REF], but much lower than the volume of water available for the Ma'adim flooding from the Eridania basin (100,000 km 3 ;

  dark-toned plains adjacent north of Ganges Cavus are encompassed by the possible 1120-m shoreline level and are enriched in pyroxene with no olivine minerals detected. The light-toned unit exposed in the northwestern part of the basin has high concentrations of olivine minerals but pyroxene is not detected, and its lower elevation boundary coincides fairly well with the possible 1200-m shoreline level. In the moderately dark-toned plains of the central basin area, both pyroxene and olivine are detected but their distributions do not overlap well. The dark-toned materials observed in the channels with their terminations at two elevation levels (1200 m, 1120 m) are similar in albedo and thermal inertia to the pyroxene-rich dark-toned materials on the Morella basin floor. Some of them are also enriched in pyroxene as the CRISM data set indicates. Multiple interpretations are plausible for explaining the above-mentioned

  3) may be consistent with the fact that the dark-toned materials on the Morella basin floor are similar to the dark dunes on the bottom of Ganges Cavus in albedo and thermal inertia(Figs. 8, 10) and also the observation of pyroxene detection in the area of the dark dunes (Fig.8, 11b). However, no well-developed eolian bedform (equivalent of the dark dunes on the bottom of Ganges Cavus) occurs in the dark-toned materials on the Morella basin floor, and their eolian interpretation remains unconfirmed. The positive-relief property of the dark-toned materials may be a primary depositional form resulted from high-yield strength materials such as lava flows. However, it is also difficult to confirm the volcanic interpretation of 3) since there are no clear indications of volcanic processes such as volcanic edifice, lava morphology, and layering of pyroclastic flow deposits on the Morella basin floor.The current olivine mineral distributions on the floor of the Morella basin raise two questions: 1) how they formed; 2) if alteration of the olivine minerals due to the hypothesized extensive hydrological activities, represented by the paleolake formation, occurred. Olivine is rich in magmatic rocks of mafic and ultramafic varieties. It is possible that the purported Morella impact event excavated the Martian crust and exposed olivine-rich layers. Alternatively, the basin was filled by olivine-rich volcanic materials after the formation of the basin but before the paleolake formation. Other

  Elaver Vallis calculation, but not for Allegheny Vallis. Other parameters such as energy slope and Manning coefficient used in the two estimations are essentially the same.

  high as indicated by the grooves near the spillway(Figs. 8, 9a). We note that in the case of the multiple-flood hypothesis, the incision of the spillway gap continued over multiple floods resulting from multiple infilling episodes of the Morella basin. It is also possible that the cycle of the Morella paleolake formation and total disappearance occurred more than once. The stabilization of the paleolake after the Elaver flooding probably occurred at the elevation of the spillway (~1250 m) (Figs.8,

  Groundwater migration through fractures and/or cavernsA mechanism for explaining the emergence of large quantities of water and consequent hydrological activities in Aurorae and Ophir plana (Fig.16b) probably involves crustal migration of the water. It is possible that the water stored in the terrain >2500 m above the Martian datum may have emerged from depressions in Ophir
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 3 Fig. 3. Cumulative crater population plot of the plains unit around Ganges Chasma.The plot was made using the Craterstats software(Michael and Neukun, 2007).

Fig. 4 .

 4 Fig. 4. 3-dimentional view of Elaver Vallis in Aurorae Planum south of Ganges Chasma (THEMIS infrared daytime image mosaic draped on MOLA topography; inset from THEMIS visible image V10051003). Elaver Vallis is characterized by the morphology of an outflow channel system. The primary source for the flooding is the Morella basin (70-80 km in diameter), but fluid could have originated also from the patches of chaotic terrain observed in the middle reach. Elaver Vallis terminates on the floor of Ganges Chasma. The large Elaver fan complex is placed in front of the Elaver Vallis mouth and smaller fans exist to both sides of this complex. These fans are coalesced (bajadas). The arrow in the inset (a) indicates an erosional margin of the Elaver fan complex cutting an adjacent smaller fan.

Fig. 5 .

 5 Fig. 5. a) Overview of the Elaver Vallis region from THEMIS infrared daytime image mosaic. Locations of images in Fig. 6 and topographic profiles in Fig. 7 are also shown. b) MOLA topography of the Elaver Vallis region.

Fig. 6 .

 6 Fig. 6. Detailed characteristics of Elaver Vallis. a) Near terminal reach of Elaver Vallis. A cross-cutting relationship is observable between two grooved reaches (THEMIS visible image V10051003). b) Grooves exist on a portion of plains separated from Elaver Vallis (THEMIS visible image V15255002). c) Patches of chaotic terrain are distributed in the middle reach of Elaver Vallis (THEMIS visible image V10076002).

Fig. 7 .

 7 Fig. 7. A topographic profile (A-A') across the Morella basin stretches down to the floor of Ganges Chasma. Longitudinal (B-B') and cross-sectional (b-b') profiles of Elaver Vallis. Longitudinal (C-C') and cross-sectional (c-c') profiles of the lowermost

Fig. 8 .

 8 Fig. 8. The Morella basin and Ganges Cavus (HRSC nadir image from orbit 0394_2).The Morella basin is connected with Elaver Vallis with a spillway to the east. A crater named Johnstown with irregular rim is observed on the basin floor (J). Locations of images in Fig.9are shown.

Fig. 9 .

 9 Fig. 9. Detailed characteristics of the Morella basin. a) Grooves near the spillway (THEMIS visible image V08179002). b) Locally, dark-toned materials exhibit their margins raised above the adjacent basin floor (HiRISE red CCD mosaic from orbit PSP_003183_1705). c) Dark-toned materials observed in channels (MOC narrow angle image R0501760). d) A channel originating from a shallow depression outside of the Morella basin (THEMIS visible image V11661002).

Fig. 10 .

 10 Fig. 10. THEMIS infrared images of the Morella basin: a) THEMIS daytime image mosaic b) THEMIS nighttime image mosaic. The horizontal strips are artifacts.

Fig. 11 .

 11 Fig. 11. a) Three elevations corresponding to possible paleolake levels within the Morella basin (MOLA contours over HRSC nadir image from orbit 0394_2). b) Pyroxene distribution determined by OMEGA observation (orbit 0394_2). Olivine mineral distributions determined by OMEGA observation (orbit 0394_2): c) forsterite; d) fayalite. White bars indicate the eastern limit of the OMEGA orbit coverage. The lower numbers on the scale bars are the minimum value or the detection threshold (see Poulet et al., 2007) of spectral parameters that represent the absorption band depth for each mineral.

Fig. 12 .

 12 Fig. 12. Ophir Planum west of the Morella basin (THEMIS infrared daytime image mosaic). Allegheny Vallis originates from an elongated depression called Ophir Cavus. Topographic profiles of its lower reach are shown below. Walla Walla Vallis originates from a pit-crater chain. A probable deltaic body was formed in front of a valley in the rim of a 40-km-diameter basin. Locations of Figs. 13, 14, 15 are shown.

Fig. 13 .

 13 Fig. 13. Details of sources of Allegheny Vallis. a) This image shows a terraced upper reach of Allegheny Vallis near Ophir Cavus (HiRISE red CCD mosaic from orbit PSP_005082_1700). b) Layered outcrops occur on the bottom of Ophir Cavus.

(

  HiRISE red CCD mosaic from orbit PSP_005082_1700). c) A branch of AlleghenyVallis originates from shallow depressions (THEMIS infrared daytime image).

Fig. 14 .

 14 Fig. 14. Details of the area where Walla Walla Vallis originates from a pit-crater chain (THEMIS visible image V10176001).

Fig. 15 .

 15 Fig. 15. a) A 40-km-diameter basin east of the Wallula basin hosts a variety of features indicative of paleo-hydrological processes. A possible fan delta is positioned in front of a valley in the rim. Its delta front elevation (~1300 m) coincides with terminations of channels inward of the rim (HRSC nadir image from orbit 100). A small valley is incised into a massif east of the basin (V). b) Details of the possible fan delta. Layers are observed in the steep front slopes (L) (HiRISE red CCD mosaic from orbit PSP_005583_1700 and MOC narrow angle image S1600444).

Fig. 16 .

 16 Fig. 16. a) Regional MOLA topography of Aurorae and Ophir plana. Ophir and Ganges cavi are in line with depression features including Ophir Catenae and large canyons of Candor Chasma, implying a genetic connection of these features. b) It is hypothesized that the fluid emerging at least partially through Ganges Cavus or its incipient depression filled the Morella basin and spilled out of the basin to the east, forming Elaver Vallis. Fluid emerged from Ophir Cavus formed Allegheny Vallis. A local elevation level of 2250 m is shown. The Wallua basin may have received fluid from a pit-crater chain to its south. A 40-km-diameter basin appears to have hosted a paleolake.

  

  

  

  

  

  

  Wrinkle ridges occur widely in Ophir Planum but there is no clear evidence of water emergence from these features at least within our observation.The emergence of water from cavi or smaller depressions may be complicated if the volatiles in the curst are not only water but also CO 2 . The system of H 2 O-CO 2 produces clathrate hydrate at certain ranges of pressure and temperature in Martian crust.Under the inferred Martian crustal conditions, clathrate hydrate may coexist with water ice, dry ice, liquid water, liquid CO 2 , depending on the ratio between H 2 O and CO 2 (e.g.,[START_REF] Rodriguez | Headward growth of chasmata by volatile outbursts, collapse, and drainage: Evidence from Ganges chaos, Mars[END_REF]. Below the depths of clathrate dissociation, two liquids (H 2 O and CO 2 ) could coexist immiscibly. The north-trending alcove-shaped depression called Ganges chaos(Figs. 1, 16a), located ~250 km east of the Morella basin, was
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Table 1 .

 1 Estimated volumes of the purported paleolake in the Morella basin. Based on the gridded PEDR. The volume estimations for 1120, 1200, 1250 and 1780 m do not include the volume of Ganges Cavus.

	Shoreline level (m)*	Inferred from	Volume (km 3 )
	1780	Cross-over channel	2773
	1250	Spillway	377
	1200	Terminations of channels	199
	1120	Terminations of channels	42
	Ganges Cavus		2202
	*		
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Water emergence in Aurorae and Ophir plana may have occurred as consequences of ground ice melting or breaching of cryosphere to release water from the underlying hydrosphere. Dike intrusion is considered to be an important cause of formation for the cavi and smaller depressions explaining also melting of ground ice or breaching of cryosphere. Alternatively, the depressions and crater basins may have been filled by regional groundwater table rising during the period(s) when cryosphere was absent or considerably thin.

The large quantities of water emerged in Aurorae and Ophir plana may have been derived from the crust of higher plains in western Ophir Planum where water existed in confined aquifers or was produced by melting of ground ice due to magmatic heating or climatic shift, or from a paleolake in Candor Chasma further west. We hypothesize that the groundwater migrated through the crust characterized by the presence of fractures and/or caverns.

Our work revealed that the plains near Ganges Chasma are of paramount importance for future explorations from both geological and exobiological points of view because of their diverse geological evidence for water activities in the past. 
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