KEY
· Fluvial channels

· Wide:  Prominent valley

· Narrow:  Narrow valley

· Light Green:  Major channel/valley: definite banks, sinuous course, occupation of low course across landscape, etc.

· Medium Green:  Lesser channel/valley but well delineated on VIS, IR, or HRSC images.

· Blue-Green:  Possible channel (might be structural feature, etc)

· Arrows where flow direction certain

· Dark Green Heavy Dashed:  Major drainage divides

· Patterned areas

· Blue Crisscross.  Fresh crater and ejecta with some fluvial modification.  Defined by with obvious exterior crater ejecta, and generally central peaks and little modification of inter crater walls and floors.
· Pink Short Diagonal Hatches:  Fresh crater and ejecta without fluvial modification.

· Red Dots:  Fluvially scoured region with parallel or fanning grooving

· Green Bricks:  Fretted channels (interior “islands” of unfretted terrain not shown.

· Brown square dots:  Pedestal craters

· Dense Dark Purple Dots:  Deeply sunken terrain characterized by lack of  crater walls, irregular pattern, generally smooth walls

· Red Letters
· # - craters with complex floors, generally pitted or lineated

· @ - Craters with central mounds, often showing radial straight grooves

· % - Mounds in intercrater areas, often showing radial straight grooves

· Diamond symbol – craters with breached walls.  Not consistently shown

· T – Crater with obvious terrace on inner crater wall

· Maps in Surfer File:

· Contours

· Shaded Relief

· THEMIS DAY IR

· THEMIS NIGHT IR

· Runoff Modeling, 0% evaporation (Drainage N)

· Red shows elevation

· Green shows flowpaths – straight likes across lakes

· Blue shows lakes

· Runoff Modeling, as above, but with fresh craters removed (Drainage X)

OBSERVATIONS IN NO PARTICULAR ORDER

· Fretting limited to upper right corner of region.  
· Fretting modifies earlier fluvial system.  
· Lobate debris aprons in fretted terrain appear to post-date fluvial activity
· Fretting attacks valley walls and crater walls by lateral backwasting.
· Fretting results in uneven profile along main valleys.
· Rapidly tapering valleys as tributaries in fretted terrain.  Unclear whether this has occurred as modification of pre-existing valleys or a “sapping-like” headward retreat.
· Most fresh-looking craters with fluvial modification have flow-lobe style ejecta.  These are concentrated in the NW quadrant of the region
· Some fresh-looking craters without obvious fluvial modification have lobate ejecta, but some have more continuous ejecta.
· Fresh craters of similar size within close proximity may have very different ejecta styles, from lobate to continuous.
· Craters with pedestal ejecta are limited to the south to southeast corner of the region.
· A large percentage of large degraded craters show irregular floors, with pitting and linear depressions.  Some basins have smooth infilled floors.
· A large fraction of non-fresh crater basins have breached rims, ranging from very pronounced, deep and wide breaches to single narrow valleys passing over the rim but not necessarily eroding to the level of the surrounding terrain.
· The sense of flow through crater breaches is often difficult to determine because of the lack of valley system extending up or downstream.  In some cases delta-like sedimentary deposits indicate flow into the crater.  In a few cases the flow is definitely outward (along the main flood system).  The small craters with breaches are the most enigmatic because it often appears that the breach does not erode down to the level of the surrounding terrain.  This suggests flows out of the crater despite no contributing area outside of the crater interior.
· The “sunken terrain” depressions are primarily limited to a band extending from northwest to southeast through the center of the mapped area, but are concentrated near the highlands-lowlands boundary.  Most have no obvious connection to surrounding crater rims defining the edges of the depressions, although there might be “cryptic” buried craters beneath the depressions. 
· Most of the “sunken terrain” basins are associated with the main channel system (“Scour River”) exiting to the northern lowlands at the north center of the mapped region.  But a few are associated with the drainage system along the western edge of the mapped region.
· The walls of the sunken terrain basins are generally smooth despite sidewalls with relief up to 700 m over 15 km (~3 degree slopes).  Some depression walls have modest linear grooving suggesting tensional fracturing, either due to effects of subsidence or to gravitational spreading of the surface materials.  No “sinkhole” type depressions with near vertical sidewalls have been identified.
· There are a number of broad shallow depressions in inter-crater areas that may have a similar origin but are less definitive and are not mapped.
· A fairly large fraction of the mapped region occurs as enclosed depressions, suggesting that runoff relative to evaporation was generally low enough, or runoff events were sufficiently infrequent, so that a totally integrated drainage network never developed in this region.  Alternatively, there may have been non-fluvial modifications to the surface creating enclosed depressions after early fluvial erosion ceased.
· This last observation must be balanced with the presence of large, multi-hundred-km basins that are so degraded as to be only visible as broad circular basins and ridge systems.  These QCD’s either indicate deep burial or deep erosion.
· Three main drainage systems occur in the mapped area.  
· There is the Mamers fretted channel system at the NE corner of the area which originally received drainage from the ~4500 km long Naktong-Scamander system.
· The main flood channel system exits to the Northern Plains along the central northern boundary of the mapped area, and the logical drainage area for this basin extends to the southeast through the center and east of the mapped area and includes potential drainage to the south and east of the mapped area.  Informally I call this the “Scour River”.
· The informally named “Heart River” (for the heart-shaped sunken terrain near its entry to the Northern Plains along the western edge of the mapped area) drains the western ¼ of the north half of the mapped area but extends to the southeast to potentially drain the southcentral and southwest portions of the mapped area, with some potential drainage contribution from off the map to the south. 
· Fluvial features are very fresh-looking, including both small valleys and the larger flood features.  Few superimposed craters.  Possibly can date from small craters. (also true for the sunken terrain).  Fresh appearance is limited to essentially the top half of the mapped area.  To the south, valleys are less frequent and obvious, and along the southern boundary the presence of pedestal craters and a good bit of irregular pitting suggests strong modification by the Arabia mantling and re-erosion.
· There appear to be two generations of fluvial features.
· One type is fragmentary, shallowly-incised valleys/channels.  These appear to be similar in morphology to southern-hemisphere mid-latitude channels.  They are found at a variety of elevations, including within the sunken terrain.  They always appear to logically follow the downslope  direction. Some of these shallow valleys may be associated with outflow breaches of moderate-sized craters.
· The other type are the flood channels, including Scour River and Heart River.  They appear to have formed by substantial flows.  
· Scour River branches and recombines in an anastomosing pattern.  It is locally associated with parallel, brush-stroke-like scouring of the surface.  The Scour River is up to 20+ km wide.  The lower 450 km of Scour River has a fairly uniform gradient of 0.003, but flow depth had to be at least 200 m to flow over depressions (see figure below). It appears that the Scour River flow was fed through a series of sunken terrain depressions extending at least 500 km upstream, but there may have been other contributions, including flow from the south and other sunken depressions to the northwest of the profile shown in the figure below.  Scour channels and breaches occur on the relative highs (divides) between sunken terrain depressions. Along the central portion of Scour River a narrower (~ 1 km wide) channel is inset in the broader scoured regions.  This appears to be a late-stage flow or possibly re-occupation of the channel.
· The main channel (Heart River) flowing into the heart depression is smaller, about 1.5 to 2 km in width at its widest.  Heart River also flows through a depression about 350 m deep. Over the region downstream from the depression and upstream from the putative delta the gradient is about 0.007.  The channel is well-defined through the depression, so that a simple lake overflow is an insufficient explanation for the channel system.  The pattern suggests confined flow.  In general dimensions and the characteristics of flowing through a depression without loss of the channel it is similar to the valley we have discovered further west in northern Arabia.  It differs in that it is not deeply incised, and that it appears to be a channel rather than a valley, because anastomosing bars can be distinguished in HRSC images. Where the channel enters the heart depression the channel disappears at a delta-like platform extending into the depression. (marked with a circle on the map).  Interestingly, the elevation of the putative delta approximately coincides with the divide between the heart depression and the northern lowlands.  Below the overflow from the depression at its head, the channel flows through a broad, evenly graded shallow valley.  It is likely that the valley pre-dates the flow event recorded by the extant Heart River channel.
· Fluvially-modified fresh-looking craters may be analogous to the Mojave-style crater, but with most evidence for fluvial modification on the lobate ejecta.
· The sunken terrain predates formation of obvious fluvial features in the mapped region.  The flows actively scours some of the depressions and the major fluvial systems appear to have been routed through some of the depressions.
· The fretting is the most recent activity in the region, particularly the debris aprons.  No small fluvial features appear to be superimposed on the fretting.
· However, some linear depressions similar to the sunken terrain occur as tributaries or parallel depressions to the main fretted troughs.  These in general have obvious tensional cracking along their edges suggesting local downwarping.
· There is a broad grading of the highlands surface near its intersection with the northern lowlands.  The overall surface is smooth with broad, shallow valleys following the overall gradient.  The valleys are typically 10’s of km across, with 100-200 m of relief, and only occasionally occupied by a well-defined central channel or inset valley.  This suggests appreciable grading of the surface under the influence of gravity by erosion, broad-scale mass wasting, or differential deposition.  This grading appears to predate the extant fluvial channels/valleys and may be coeval with development of the sunken terrain. 
· A number of moderate (10-50 km) sized craters have inward-facing benches in the center of the crater floor.  These scarps are generally less than 50 m high and are likely to be either shorelines around central lakes or produced by sublimation of ice bodies in the center of the basins.  They are likely coeval with the formation of the sparse fluvial network.  These have not been mapped in detail.  They are similar to pits found in southern highland craters (e.g., west of Hellas).
· Most large crater basins have irregular floors often characterized by mesas separated by linear troughs.
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MAJOR ISSUES AND HYPOTHESES

· ORIGIN AND TIMING OF SUNKEN TERRAIN

· AGE 
· The sunken terrain appears to be relatively young because it modifies Noachian basins.  Some depressions associated with the fretted terrain have a similar appearance, suggesting a common age.
· The sunken terrain pre-dates the fluvial channels and valleys in that it influences the flowpaths and the scour patterns are consistent with a pre-existent sunken terrain, both for the flood type channels and the small valleys.
· POSSIBLE ORIGINS AND RELEVANT OBSERVATIONS
· The sunken terrain is simply unfilled depressions remnant after deep sedimentation.  The depressions would presumably be craters or multiple craters.
· Implications: 
·  If this is the origin, the sedimentation depth would have to be great due to the lack of direct inheritance of crater forms.  
· The infilling would have to be non-fluvial, implying lacustrine/oceanic origin.
· Supporting observations:  

· The location along the highlands-lowlands boundary would be submerged if there were a deep ocean.
· Somewhat similar broadly concave depressions occur along continental margins, such as in normal faulted basins off of California.  These are filled and smoothed by turbidity and density currents.
· Contrary indications:  

· The irregular shaped basins do not look like single or multiple crater basins.  
· If the depressions resulted from deep sedimentation, then most of the observed degraded craters would have to post-date the basins because they were not covered by sediment in the same manner.  However, some of the basins appear to occur within degraded craters with well-defined rims.
· The sunken terrain has resulted from erosion due to currents in an ocean basin.

· Implications:  A deep ocean.  Strong currents.
· Supporting Observations:
· The location along the highlands-lowlands boundary would be submerged if there were a deep ocean.
·  Most of the basins occur along the axis of broad depressions that later hosted the fluvial/flood activity.
· There are broad, shallow aligned ridges and depressions at some locations in the mapped area.  These might be current-scoured. These depressions typically have long dimensions >100 km and width of tens of km, and depths of ~100 m.  Examples occur at (A), (B) & (C) on the map.  The ones at (A) are modified by wrinkle ridges nearly parallel to the course of the depressions, but the overall scale of the features is larger than the wrinkle ridges and more consistent in parallel orientation.
· Erosion by currents or waves in deep water does not necessarily produce graded profiles as does fluvial sedimentation and erosion.
· The ocean might have been frozen on top, concentrating currents to the near-bed region
· Contrary indications:
· Most of the depressions are irregular in shape and do not show strong alignment or scour features.
· There is no obvious patterning of the locations of the scours that would suggest hydrodynamic controls of scouring.
· The sunken terrain resulted as grabens associated with tectonic faulting.
· Implications:
· The localized nature of the basins requires localized tectonic activity.
· Supporting Observations:  
· Some of the depressions have wide fractures (grabens or preferential erosion along fractures) on the sides of the depressions.
· Wrinkle ridges are frequent in the region and scattered linear scarps are present.
· Contrary Indications:
· The pattern of deformation is very different from the rest of Mars.  The requisite deformation would largely be due to broad-scale subsidence, and possibly upwarping.
· There is little hint of the linear pattern of deformation associated with the depressions that is characteristic of most of Mars.
· The sunken terrain has been sculpted by glacial flow.
· Implications
· The region was covered by deep ice – possibly the remnants of a deep ocean
· The hydrology of the glacier-substrate interface might be associated with the fluvial flood features
· Because most of the possible glacial-related features are in the low portions of the region, and the rims of the major crater basins have no obvious scour, flow would have been limited to the thicker portions of the ice.
· Supporting Observations:
· There is a broad NW-SE grain to the landscape, including broad basins and ridges, as well as the aligned features near (A), (B), and (C).  This alignment follows the general slope of the region.
· Like current scour, glacial scour can produce isolated depressions.
· Glacial sculpture might be indirect.  For example, meltwater might cause dissolution depressions to develop.
· Contrary Indications:
· No obvious fine-scale glacial grooving
· No obvious glacial depositional features, particularly moraines
· The sunken terrain has resulted from surface collapse due to removal of materials at depth.
· Implications:
· Either the removal process was concentrated at specific locations or the susceptible materials were limited in spatial distribution
· The thickness of the material that was removed would have to be at least several hundred meters.  Probably implies the presence of a deep ocean to heights of at least -2000m relative to the Mars datum.
· The top of the removed material was probably at least several hundred meters below the surface because of the broad pattern of the depressions and the paucity of structural features associated with subsidence.
· An obvious subsidence-susceptible material would be evaporites.  What about ice?
· If the process were dissolution, groundwater flow would be a potential mechanism.
· If this is the process, presumably thick deposits remain below the surface between the depressions.
· Supporting Observations:  
· The location of most of the sunken terrain in broad topographic lows and crater basin interiors would be consistent with preferential sedimentation/evaporation in such locations.
· The lack of obvious surface sculpting of the surface of the depressions by currents or glacial scour favors subsidence.
· There may also be domal structures in the region resulting from diapiric flow of evaporites or ice.  Examples are topographic rises in the center of craters (marked by @) and dome-like structures in basins (marked by %).  These often display radial fracturing consistent with tensional surface stresses.
· The alignment of the depressions along the major basin axes would be consistent with solution by groundwater flow.
· Contrary Indications:
· No obvious exposure of light-toned sediments within the region, either in the basins or in crater central peaks.
· Is it reasonable to expect that thick a sequence of evaporate deposits in inter-crater basins?
· Origin through wind scour
· Contrary Indications
· Lack of systematic alignments, no yardangs, features very broad scale

· AGE AND FORMATIVE MECHANISMS FOR FLOOD CHANNEL FLUVIAL FEATURES
· AGE
· The flood flows are one of the most recent events in the region, post-dating most landform-creating events, including cratering, crater degradation, and formation of sunken terrain.  The flows may be older than fretting.  Small crater counts may refine the ages.

· POSSIBLE ORIGINS AND RELEVANT OBSERVATIONS
· Normal fluvial flows fed by precipitation.  This is in essence the scenario provided in the Drainage N and Drainage X maps in the Surfer file.  The idea is that there was so much rainfall that most depressions were filled to overflowing and runoff formed Scour and Heart Rivers and their tributaries.  
· Implications:
· Water, water everywhere but an atmosphere unfit to breath (unless you are an algae).  Presumably either catastrophic volcanism or the effects of a large impact.
· Supporting Observations:
· The size of the Heart River and similar channels in the region is probably consistent with runoff from heavy rainfall.
· The much greater flows through Scour River probably require a sudden release of water.  One source might be breaching of a surface lake, as suggested by Irwin et al. for Ma’adim Vallis.
· The formation of a delta-like landform at the mouth of Heart River at the same level as the Heart Depression overflow would be consistent with precipitation-fed surface runoff.
· Many craters with well-defined rims have breached rims.  In many cases these are consistent with flows entering the craters due to either well-defined contributing areas or the presence of delta-like features.  In many cases, however, and particularly for craters in the ~10 km size range, single narrow valleys cross the rim, but do not seem to be incised to the level of the surrounding terrain.  Flows out of the crater are the most reasonable explanation, but require filling the crater with water to the overflow point – that is, it is consistent with lots of precipitation and little evaporation.
· Contrary Indications
· The flow of Heart River through depressions without change in size is inconsistent with unconfined runoff unless the depressions formed after the flows.  But the flow pattern through the Scour River is consistent with the depressions having been present prior to the flow.
· Origin by Vertically Confined Flows

· Implications
· It is unlikely that the confining layer was sedimentary (and later removed) due to the excellent preservation of the fluvial features and lack of remnant mantling.  The most likely confining medium is ice.
· If ice, it suggests either a deep northern ocean or deep accumulations of ice/glaciers from precipitation.
· Supporting Observations:  
· The flow of channels through depressions without change in morphometric properties suggests confined flows driven by pressure gradients rather than unconfined gravitational potential.  
· Although the peak flows through Scour River could occur by a short flood of high magnitude in an unconfined setting, the late-stage narrow inset channel has the same characteristics of Heart River of climbing up and downhill.
· Confined flows through Scour River could accomplish the same degree of scour with smaller discharges than for an unconfined flood.
· Possible Scenarios
· A glacier-like accumulation of ice, perhaps during a high-obliquity excursion.  Generation of meltwater during a melting phase.
· An ice-covered northern ocean, with a surface level of at least -2000 meters.  If it gradually froze downwards it could explain the temporal change from  broad flow through Scour River to the more narrowly confined channel during final flow stages.  A long persistence of an unfrozen bottom might occur as the last unfrozen water becomes hypersaline.
· Contrary Indications
· The main issue is how to have a confined flow without having strong evidence for glaciation or alternatively for the ocean case, for shoreline morphologies.
· Possible Flow-Generating Mechanisms
· Meltwater if the surface is covered with glacial ice or remnant frozen ocean.  Melting from climatic warming or possibly a subsurface thermal event producing either constant discharges or episodic jokulhaupt-like drainage of subglacial lakes
· Groundwater discharging beneath an ice cover.  This might be satisfactory for the smaller channels such as Heart River, but not for the large event through Scour River.  Groundwater flow could contribute to formation of the sunken terrain.
· Local impact of a medium-sized (20-50 km) crater into the ice body.  This could have several effects.  If the impact is into a partially-frozen ocean a pressure wave might drive appreciable sudden flow through the water below the ice cover.  The melting from the impact would produce a body of water which might drain beneath the ice under hydrostatic forcing.  A number of fresh-appearing craters occur in the portion of the mapped area containing the enigmatic channels.  Some of these are extensively fluvially modified.
· Impact onto the Northern Lowlands into a partially frozen northern ocean covering the region.  Would generate a seiche.  Implies bidirectional flows, but the deflating outward flow would be most intense.
· Flow due to high pressures developed in isolated bodies of unfrozen water occupying depressions in the downward-freezing ocean scenario.
· AGE AND FORMATIVE MECHANISMS FOR SMALL VALLEYS

· AGE

· Valleys appear to be quite young, probably post-date flood channels but predate fretted terrain.  The classification of some valleys as flood type versus small valleys is uncertain
· POSSIBLE ORIGINS AND RELEVANT OBSERVATIONS
· The valleys are sparse, not integrated into large dendritic networks, occur largely on steep slopes.  They occur on the flanks of some of the sunken terrain depressions and at low elevations in some of the intercrater basins.  This suggests that significant runoff and ponding did not occur during their formation.  However, small terraces on some crater basin floors may have formed on the shores of coeval small lakes.  They share similar characteristics with sparse channels on the southern mid-latitude highlands.
· Origin from normal runoff from precipitation.

· Supporting Observations.
· They are valleys, and occur on steep slopes where runoff would be most common and would have greatest erosional potential
· Possible Scenarios
· Runoff from rainfall.  The poor network integration is not favorable for this.
· Runoff from snowmelt.  This is a possibility due to the sparse nature of the channels.  Because of the paucity of lakes the snow depth accumulations  would have had to be marginal.
· Groundwater sapping.  Possible.  Need to evaluate location of valleys relative to possible recharge sources and with regard to location of the heads of the valleys.  Not a good explanation for crater breaching channels.
· Origin from flow beneath thick snow-ice accumulations.  (The Carr-Head hypothesis).
· Implications.  Flow would be due to basal melting.  Flows would be marginal, possibly consistent with sparseness of channels.  One might expect such features as eskers, tunnel valleys, flows not necessarily downhill.  Might not expect normal fluvial deposits such as deltas and alluvial fans.
· Supporting Observations:  

· These channels are clearly resultant from marginal flows.
· Might be consistent with the weird crater breaches.
· Contrary Indications
· Can one really generate sufficient flows from basal melting?
· If ice accumulations were thick enough to result in basal melting, would it also not be thick enough for glacial flow?  By definition, this would be a temperate ice accumulation.
· Where are the eskers and tunnel valleys?  Moraines?, etc.
· Origin as density flows in deep water settings.  The idea is gravity flows of suspended sediments.  Triggered possibly by quakes, landslides, rapid sedimentation.
· Implications
· Would suggest these features are relatively old, possibly older than the flood channels.
· Needs an ocean.
· Supporting and Contrary Observations
· At this point this is just a wild-ass suggestion.  The implications, mechanisms and critical observations would need to be explored.
· OTHER UNRESOLVED OBSERVATIONS AND ISSUES.  

· The intercrater plains are very smooth at moderate to large spatial scales but there are lots of undrained depressions. There appears to be lateral grading and broad valley-like avenues.  Does this favor marine deposition and wave/current action?
· Higher crater rims and the proximal ejecta sheets, by contrast to the smooth intercrater plains, are more sharply contoured, with hints of fluvial modification.  This suggests relative elevation dependence of smoothing and deposition.  Is there also an absolute elevation relationship?  This may be difficult to resolve because the higher, southern portions of the area are modified by the Arabia mantling and stripping event.

· The intercrater plains are deformed by numerous wrinkle ridges oriented primarily NW to SE.   What is the age relationship to the resurfacing of the intercrater plains?  Are some of the possible current-like features and broad valleys just a manifestation of wrinkle-ridging?

· What is the age relationship between the flood-like channels and the sparse, fragmentary drainage systems?  Can cross-cutting relationships be identified?

· Can the discharges through the flood channels be estimated?

· Can the flood channels (and other landform features) be age dated by small crater counts?

· What causes the pitting in the center of many of the 50+ km crater floors?

· What is the significance of the numerous crater breaches, including narrow channels cutting through fairly small craters and visible only in HRSC images?  These breaches are different from typical highlands breaches in that 1) often the flow direction is uncertain; 2) they generally do not connect to either incoming or exiting valley networks – they often just shallow and disappear on the neighboring intercrater plains – are the valley networks missing (buried) or were they never there?; 3) For larger craters the breaches are often quite wide (a km or more); 4) For small craters the breaching valleys do not appear to have eroded down to the level of the surrounding intercrater plains.

· What is the age relationship to the northern plains?  Clearly there seems to be an onlap relationship in general, but at least the flood flows appear to post-date this onlap.

· Why is fretting so geographically restricted to the Mamers system?  A couple of the fresher impact craters have interior lobate aprons (not mapped, but could be mapped).  Is there a relief threshold?  A water content threshold? An elevation threshold?  

· RELEVANT HRSC IMAGES
· 1571_0000 good

· 1333_0000 poor

· 1604_0000 good

· 1366_0000 poor

· 1626_0000 good

· 1084_0009 poor

· 1410_0009 good
