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Abstract 

 

Mangala Valles is a 900 km-long outflow system extending from the Martian southern 

highlands toward the northern lowlands just west of the Tharsis bulge, originating at Mangala 

Fossa, part of the Memnonia Fossae graben system. Until recently, it was widely accepted that 

the flow features observed in Mangala Valles are the result of one or more catastrophic flooding 

events, likely by igneous disturbance of massive aquifer sources. We investigate the idea that 

rather than being a strictly fluvial or strictly volcanic system, Mangala was formed by fluvial 

incision followed by large-scale volcanic activity by composing a detailed geomorphic map of 

the main valley of Mangala Valles using primarily MRO Context Camera (CTX) images and 

evaluating age estimates calculated using crater counting methods. In our study, we found that 

while the geomorphic units characterized as fluvial did report older ages, these age estimates 

were not significantly older than those of some of the volcanic units. In addition, observations of 

features interpreted to be the result of water-lava interaction suggests that aqueous and volcanic 

activity have not been as independent of one another in Mangala Valles as previous studies have 

suggested.  
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1.0 Introduction 

1.1 Objectives 

 Mars’ aqueous history has been a subject of human curiosity since the late 1800’s, when 

Italian astronomer Giovanni Schiaparelli telescopically observed long streaks on its surface 

suggestive of channels (Dave, 2001). It wasn’t until the 60’s and 70’s that imagery of the 

Martian surface from NASA’s Mariner missions confirmed that Mars does indeed have a watery 

past. The similarity of Martian fluvial networks to those on Earth was arresting. However, as 

more data have become available and studies become more thorough, it is not the similarities but 

the differences that are the most intriguing aspects of studies on Mars. While it is true that Mars 

has an important volatile history, volcanic processes have also played a dominating role on its 

surface. Lacking plate tectonics as we know them on Earth, it is sometimes difficult to evaluate 

volcanic features observed on the Martian surface. Therefore, solving the mysteries of systems in 

which volatiles, volcanics, and tectonics share an intimate relationship unlike any we have seen 

on earth poses a greater and more exciting challenge. Thus, the study of such perplexing areas 

may provide unique and rewarding insight on not only on how these processes interact with and 

affect one another, but also what their coexistence says about the geologic history of our 

terrestrial neighbor as a whole. 

 

1.2 Study Area 

 Mangala Valles, located at (211°E, 13.5°S) on Mars, is a 850-km long north-south 

trending network of channels east of Vallis Marineris and southwest of the Tharsis rise, about 

800 km south of the equator (see figure 1.1). It heads at Mangala Fossa, a 200-km long graben 

that is part of the NEE-SWW-trending Memnonia Fossae graben system which continues to the 
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south of the region. It is about 5-7 km wide at the mouth, and gradually opens to the north for 

about 300 km, where it widens and loses much of its topographic variation (see figure 1.2). At its 

widest, it is about 200 km across, north of which it is reduced to smaller channels that eventually 

drain into Tharsis volcanic plains to the north. The mouth of Mangala Valles in the south sits at 

an elevation of about 100 m, while more distal reaches past the widening and flattening of the 

channels sit at about -200 m elevation on average, resulting in an average slope between 0.001 

and 0.0001. While the topographic relief in the southern portion of Mangala Valles is high, with 

plateaus 150 m higher than the channels that cut them, in general the western side of the system 

is topographically lower than the eastern side, which is dominated by a high plateau. The system 

is located on the western boundary between the Tharsis plains and the cratered highlands and is 

thus entirety flanked by old, rough highland terrain, while only 50-70 km to the east across a 

sharp highland scarp lie the vast, smooth Tharsis plains.  

 
Figure 1.1. Regional context map on a MOLA shaded relief global mosaic showing Mangala Valles with respect to the Tharsis 
and Memnonia regions.  
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Figure 1.2. Topographic profiles at multiple locations and orientations in the main valley of Mangala Valles, derived from 
MOLA numeric elevation data. 

  

 

The unique location of Mangala Valles is suggestive of its dynamic geologic origin, and 

is one of only a few Martian outflow systems in which a variety of distinctive landforms appear 

to be sourced from a single linear feature within the crust. Despite the fact that most mapping 

efforts have tended to focus on the southeastern portion of Mangala Valles (e.g. Zimbelman et 

al., 1992, Basilevsky et al., 2008), we chose the study area to encompass the main valley floor in 

its entirety in order to gain a more complete perspective of the region.  
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1.3 Previous Work 

 Mangala Valles was first imaged by Mariner 9, and its vast, complex network of braided 

channels and obvious streamlined landforms generated ideas of a powerful aqueous history with 

Mangala Fossa acting as the source of one or more massive flooding events when the northern 

wall of the fossa was breached by a large lake (Sharp and Malin, 1975, McCauley et al., 1979). 

Speculation of chaotic flooding was supported by the striking similarity of channel landforms to 

drainage features observed in the channeled scablands of the Pacific Northwest (see figure 1.3), 

with discharge estimates agreeing with those for Mangala Valles (Baker and Milton, 1974, 

Komar, 1979). The Valles weren’t mapped in detail until the early 1990’s when widespread 

Viking imagery became available (Tanaka and Chapman, 1990, Chapman and Tanaka, 1993, 

Craddock and Greeley, 1994, Zimbelman et al., 1992). In their 1990 papers, Tanaka and 

Chapman suggested that the Mangala Valles region was carved by two coeval periods of 

catastrophic flooding that occurred 

during the tectonic event that resulted in 

the opening of Mangala Fossa when 

faulting disturbed a massive aquifer. 

Additionally, they suggested that phases 

of volcanism were intermittent between 

flooding events, depositing vast 

sequences of volcanic material 

(Chapman and Tanaka, 1990, Tanaka 

and Chapman, 1990).  

Figure 1.3. Aerial photo of the Potholes Coulee, part of the Channeled 
Scablands of Eastern Washington. Image credit: Jim Wark, AirPhotoNA.com 
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 Zimbelman et al. (1992) suggested that rather than volcanic and fluvial activity occurring 

in concert with one another, the extensive smooth deposits preceded volatile activity and their 

formation possibly even played a role in guiding groundwater to the ultimate point of surface 

emergence. They suggested that meltwaters flowed downslope underneath ground ice from the 

Tharsis Rise to the Memnonia Fossae, where local faulting acted as a conduit to the surface. The 

meltwater was then released at high pressures, carving the system. A later, more popular 

hypothesis suggests that giant dike emplacement heated the local groundwater system, resulting 

in major local hydrothermal circulation and fracturing a cryospheric seal that had been 

maintaining high hydrostatic pressures prior to emplacement of the dike (Wilson and Head, 

2002). Upon cracking the cryosphere, subsequent hydrologic release would have provided the 

fluid pressures and quantities required to carve an outflow channel of the magnitude of Mangala 

Valles. The Tharsis regional structural context of Mangala Fossa additionally justifies large dike 

emplacement. Later modeling indicates that there were two distinct dike intrusions from Arsia 

Mons that caused major aqueous discharge at Mangala (Leask et al., 2007). 

 In 2004, Head et al.  suggested that the smooth lobate features observed in Mangala, 

rather than volcanic in origin, are the result of glacial processes originating from the 

accumulation of snow and ice on the rim of the Fossa. Ghatan et al., (2005), on the other hand, 

argued that most of the units observed in the Valles originate from a single volcanic assemblage, 

which predates any fluvial activity, and which was subsequently exposed and modified during a 

single chaotic flooding event. Yet another idea was introduced by Leverington (2007), wherein 

the system was either carved completely by thermomechanical erosion by voluminous lava flows 

(a process known to occur elsewhere in the solar system, including Venus and the Moon 

(Komatsu et al., 1993, Greeley and Spudis, 1978)), or by initial aqueous processes followed by 
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or contemporaneous with substantial volcanic erosion and deposition— though he favors a dry 

mechanism of formation. Following works have sought to verify, modify, or expand upon the 

aforementioned hypotheses (Basilevsky et al., 2008, Leverington, 2011, McEwen et al., 2012). 

 

1.4 Purpose and Expectations 

  While Mangala Valles has been previously mapped (Tanaka and Chapman, 1990, 

Ghatan et al., 2005, Basilevsky et al., 2008), these maps either focus on a very small area or lack 

sufficient detail to make complete interpretations of the area as a whole. This is primarily due to 

the unavailability of widespread high-resolution imagery necessary to map fine (yet crucial) 

details. The first objective of this project was to map the majority of the Mangala Valles region 

with the level of detail achieved in Basilevsky et al., 2008 with the use of images from the 

Context Camera aboard the Mars Reconnaissance Orbiter. CTX images provide a resolution and 

coverage not available to previous authors, who relied on HRSC, MOC, MOLA, and Viking 

imagery for map production and analysis. The second objective of this study was to use the map 

along with crater counts and additional geologic observations to determine the probable sequence 

of events that led to the present appearance of the system. This includes interpretation of the 

system as either wholly fluvially-dominated, volcanically-dominated, or a combination. We 

chose to approach the problem by characterizing each geologic unit mapped as having 

morphologies most consistent with fluvial, volcanic, or other origin, and then dating the units 

using crater counting methods.  

 We specifically wished to reconsider the hypothesis of McEwen et al., 2012, wherein the 

regions of Mangala Valles that appear fluvial in origin are significantly older than those that 

appear volcanic in origin. This would imply that the Mangala system was formed initially by one 
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or more aqueous outburst events which were followed much later by a phase of extensive plains 

volcanism. If verified, this would imply that previous interpretations of relatively young fluvial 

activity may instead be explained by relatively young lava flows. McEwen et al. argued that 

there were no definitive examples of young, large-scale fluvial activity on Mars, and questioning 

the line of reasoning that significant groundwater is likely present today in the Martian crust 

(Clifford and Parker, 2001).   Mangala Valles appears to be a location where lavas have only 

partially covered the fluvial landscape, so the geologic history may be exposed, whereas lavas 

seem to have completely covered the fluvial channels in Elysium Planitia (Jaeger et al., others).   
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2.0 Methods 

2.1 Data Sets 

 The mapping area extends from roughly 7.5°S to 20°S and 145°W to 153°W, about 750 

km in length and 450 km in width (see figure 2.1). Digital mapping was performed using a 

daytime infrared image mosaic from the Thermal Emission Imaging System (THEMIS) 

instrument (Christensen et al., 2004) as a base, at a scale of 100 m/pixel (Christensen et al., 

2004). Individual Mars 

Reconaissance Orbiter (MRO) 

Context Camera (CTX) (Malin et 

al., 2007) images were heavily 

used for detailed mapping and 

analysis due to their relatively 

high resolution (~6 m/pixel), 

near-ideal illumination 

conditions (~3 PM), and 

excellent coverage of the 

mapping area. This resolution 

allows for visibility of smaller 

features, such as low-relief 

geomorphic boundaries, which 

are critical for analysis. 

Additionally, it allows for the 

use of smaller craters (as low as 60 m in diameter, or ten times the pixel scale) in crater counts, 

Figure 2.1. THEMIS Day IR global mosaic of the Mangala region (as defined in 
Ghatan et. al, 2005) with our mapping area shown in the white rectangle.  
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which reduces the error of resulting age estimates. Images from the High Resolution Imaging 

Science Experiment (HiRISE) (McEwen et al., 2007) aboard the MRO, which have a scale of 0.3 

m/pixel, were also used, though to a lesser extent than CTX as they have very limited coverage 

of the study area. Furthermore, the higher resolution provided by HiRISE images often yields 

little additional insight due to the thick dust mantle cover that obscures most meter-scale 

geomorphologic features. They are useful, however, for the detection of some important features 

such as impact-related boulders, whose presence can be telling of the underlying bedrock.  

 Elevation data from the Mars Orbiter Laser Altimeter (MOLA) of the Mars Global 

Surveyor (Smith et al., 2001), used in the forms of contours, elevation cross sections, and 

colorized elevation maps, were crucial for detailed analysis. Similarly, data from the High-

Resolution Stereo Camera (HRSC) on the Mars Express (Jauman et al., 2007) (12.5 m/pixel) 

were useful in determining elevation differentials for geologic mapping. Geologic maps from 

previous work (Tanaka and Chapman, 1990, Ghatan et al., 2005, Basilevsky et al., 2007) were 

additionally used as reference. JMars (Christensen et al., 2009) was used as the mapping tool and 

primary source of geographic information. 

 

2.2 Mapping Methods 

 The mapping techniques employed when producing geologic maps of the area focused on 

the analytical goals of the study as a whole. Emphasis was placed on geomorphic distinction, 

especially between adjacent geologic units of differing facies, whereas detailed structural 

features—while used to aid in regional understanding— were not mapped rigorously. The 

boundaries of geologic units were defined where geomorphic change was apparent. Such 

boundaries can be indicated when there is an abrupt discontinuity or change in orientation of 
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grooves or streaks that are otherwise consistent within the unit (though careful attention must be 

paid to post-depositional eolian features, which may cross unit boundaries) (see figure 2.2), or 

where there is an abrupt change in thermal response of the bulk surface (i.e. non-eolian) material, 

for example. Upon completion of geomorphic division, there were 29 distinct “units” or zones of 

geomorphic independence. These units were then correlated with one another based on similar 

facies and elevation, narrowing the number of units down to 14. Each large unit was thereafter 

characterized as having a smooth plain (Sp), old terrain (Ot), or scoured terrain (St) appearance. 

Smaller, scattered units with other geomorphological characteristics that weren’t confined to a 

large unit were classified individually and named as such (e.g. polygonal blocked, large 

knobbed, etc.). 

  

Figure 2.2. Boundary between facies in which linear grooves are discontinued. CTX 
P19_008474_1688_XN_11S150W, center coordinates (150°W, 13.5°S). 
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Units identified as smooth 

plain units tend to have very low 

relief, low crater densities, lobate 

edges, and often a fluid-like 

appearance (see figure 2.3a). Pits and 

small, sinuous channels are also 

common in these units. Geologic 

units characterized as scoured terrain 

have higher relief than do smooth 

plain morphologies, accommodate 

steeper topographic changes, and 

have higher crater densities (see 

figure 2.3b). They are characterized 

by subparallel linear grooves between 

sharp ridges that often circumvent 

obstacles. Streamlined islands within 

these units are common. Old terrain 

refers to units that do not appear 

significantly resurfaced, yet are 

distinguishable from unmodified 

highland terrain by evidence of flow-

like erosion and relatively shallow 

slopes. They are very rough, having 

Figure 2.3. a) Typical smooth plains appearance. HiRISE 
PSP_008118_1645_RED, (149.26°W, 15.79°S). b) Scoured terrain ridges. 
HiRISE ESP_023783_1665_RED, (149.83°E, 13.50°S). c) Most common 
old terrain appearance. CTX P13_006259_1680_XN_12S149W, 
(149.53°W, 11.3438°S). 
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high topographic variation and high crater densities (see figure 2.3c). They tend to sit higher than 

the surroundings, contain more extensively eroded topography, and often manifest as small 

islands between or within larger geological units. When old terrain units have very shallow 

slopes, deciding when a the surface can be considered sufficiently modified or covered such that 

it should be instead categorized as scoured or smooth plain is difficult, as there is no distinct 

boundary but instead a gradient of increasing modification or coverage downslope, so the 

problem had to be solved on a case-by-case basis using additional context information. 

 

2.3 Crater Counting 

 Following correlation and characterization, all of the large geologic units, as well as 

specific locales of interest, were dated using standard crater counting techniques (as described in 

Michael and Neukum, 2010). Rectangular areas of ~60-400 km
2
 were outlined over CTX images 

and all craters within the area larger than ~40 m in diameter were counted using the crater 

counting feature in JMars. The sizes and shapes of the areas outlined depended on the extent of 

the feature of interest. Where possible, the area counted fit within a single CTX stamp to avoid 

errors due to differences in overlapping image characteristics (such as edge darkening and 

misregistration). Since model age uncertainty increases with decreasing area counted, small 

features (such as streamlined islands) were not dated. The crater counts were analyzed using the 

Craterstats tool described in Michael and Neukum, 2010 with chronology and production 

functions derived from Hartman, 2004. Due to the expectation that many of the surfaces counted 

underwent one or more resurfacing episodes, differential fits were used as they are more 

appropriate for fitting multiple resurfacing events (Michael, 2013).  
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 A resurfacing event can be identified when the diameter vs. differential crater frequency 

curve fits more than one isochron at different diameters, or when its curve flattens out with larger 

bins (see figure 2.4). In such cases, while a curve can be fit to the older isochron, it is difficult to 

accurately date the pre-existing surface. A long-term resurfacing episode (such as an episode of 

long-term erosion) can be identified 

when the overall slope is much shallower 

than that of the model isochron, which 

renders the event difficult to date. This 

problem was most often encountered in 

the northern latitudes of the study area, 

where few craters besides the very large 

(>250 m) are visible. Most model ages 

were fitted using a minimum √2 diameter 

bin centered at 62.5 m, below which the 

crater frequencies decreased due to the resolution limit of CTX images. This also helps avoid the 

limited utility of small craters for age estimates (Daubar et al., 2013).  

 Dating using crater counts introduces the question of what is being dated. For surfaces 

that have undergone volcanic resurfacing, a younger isochron becomes more difficult to fit with 

decreasing thickness of the resurfacing material because increasingly smaller craters from the 

underlying surface are manifested, allowing for the use of fewer crater size bins when dating that 

surface. Determining the age of an area resurfaced fluvially is also problematic in that, unlike 

volcanic resurfacing, the craters are not usually covered but instead eroded. While it may be 

evident that crater erasure has occurred, many craters may appear only partially erased, making 

Figure 2.4. A differential fit of Crater Count 5 (see section 3.2). 
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the distinction between impacts that occurred before and after the fluvial event unclear.  This 

additionally complicates attempts to date surfaces that have undergone multiple fluvial events. 

The accuracy of dating using crater counts on very old surfaces (>3 Ga) is limited by the number 

of craters that may accumulate before overlapping becomes a significant source of error and by 

the eventual erasure of very old craters that are not exceptionally large. Thus, dating old surfaces 

is more useful for distinguishing them from young surfaces than it is for distinguishing them 

from similarly old surfaces. For all of the reasons listed, interpretations in this study were made 

using crater counts in the context of geologic observations of the individual areas and of the 

study area as a whole.  
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3.0 Results 

 Figure 3.1 (next page) is our current map of the complete study area, which depicts the 

entire Mangala region. The detailed mapping is focused within the confines of the main valley 

walls. Features with similar geomorphology that are also interpreted to originate from the same 

geologic event are similarly colored. A zoomed-in view of the southern portion of the mapping 

area is shown in figure 3.2.  
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Figure 3.1. A complete geologic map of the study area with a THEMIS Day IR mosaic base. 
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Figure 3.2. A closer view of the southern portion of the map with a THEMIS Day IR mosaic base. 
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3.1 Unit Descriptions 

i. Mangala Fossa (Mf) 

 The graben is a narrow, deep (up to 1 km) feature with steep walls. The graben floor is 

relatively flat, ranging from -300 m at its lowest to -100 m near the mouth. Its width is typically 

3-10 km, but reaches around 16 km near the valley opening. The floor is generally smooth in 

appearance, with large, high knobs, some of which are flat-topped, which may indicate that they 

are points of relative structural stability that were more resistant to collapse than the surrounding 

crust. The graben floor is smooth in appearance, though parts of the floor harbor abundant 

dendritic linear ridges (see figure 3.3), which are interpreted by Basilevsky et al. (2007) to be 

wrinkle ridges, which are generally accepted to be expressions of crustal compression. These 

features might be the 

result of superficial 

crustal buckling upon 

structural collapse. At 

the valley mouth begins 

a smooth hill whose 

elevation reaches 200 

m, then quickly 

decreases as the valley 

widens.  

 

 

ii. Smooth plain 1 (Sp1) 

Figure 3.3. Ridges on the floor of Mangala Fossa. CTX P05_002857_1629_XN_17S149W, 

(149.43°W, 18.32°S).  
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Figure 3.4. a) Narrow lobed feature in Sp1. CTX 
P07_003780_1634_XI_16S149W, (149.43°W, 17.34°S). b) 
Meandering channels in Sp1 at the valley mouth. CTX 
P05_002857_1629_XN_17S149W, (149.22°W, 18.06°S). c) Unusual 
pits found in Sp1 CTX P19_008474_1688_XN_11S150W, (150.1°W, 
12.92°S). d) HiRISE image of these pits. HiRISE 

ESP_025761_1670_RED, (150.25°W, 12.65°S). 
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Sp1 begins at the mouth of the valley, covering the entire floor of the opening, and 

extends along the west valley wall far into the northern reaches, following the topographic lows. 

It begins at -143 m elevation, increases near its streamlined islands to -90 m, and then gradually 

decreases toward the north, terminating at a low of -350 m. The southern portion of the unit’s 

complex navigation around islands of other units contrasts with its smoothly anastomosing 

character in its central and northern reaches. Its floor is smooth with few craters, and its edges 

are lobate in appearance. Despite being relatively low in relief, there is a fair amount of internal 

variation. Besides on the unit edges, lobes appear within the unit as well, sometimes in narrow, 

sinuous landforms (see figure 3.4). Wrinkle ridge-like forms are also present, most strongly 

paralleling the unit’s confining walls. It shows abundant evidence of viscous fluid flow, 

including obstacle circumnavigation, crater infill, and small meandering channels which appear 

at the valley mouth (see figure 3.5). Note that there is no distinct boundary or evident facies 

transition between the Sp1 unit and the graben floor unit. This indicates that either the boundary 

is too smooth for photogeologic identification at this image resolution (6 m/pixel), or that they 

are derived from the same event. 

 

One notable characteristic of this unit are pits that appear all throughout Sp1, but are most 

densely populous in the northern portion of the unit (see figure 3.3c,d). These unusual features 

are most often circular, but many appear elongated or coalesced parallel to the probable unit flow 

direction. They could be covered or partially eroded secondary craters, but their density is lower 

than most fields of secondaries, and their confinement to Sp1 and consistency with unit flow 

direction make this scenario questionable. Levy and Head (2005) interpreted these to be 

sublimation pits from subsurface ice that was exposed during volatile flooding. While this idea is 
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consistent with the shapes of the pits, sublimation pits tend to have sharper rims. However, if 

sublimation occurs as a result of volcanic deposition, it’s possible that they may appear instead 

as isolated collapsed pits due to the viscosity of the lava, which would be able to maintain a 

relatively strong foundation in between areas of weakness caused by sublimation.  

 

iii. Scoured terrain 1 (St1) 

 St1 is confined to a small area to the 

west of Sp1 at the mouth of the valley, 

where the elevation increases dramatically 

toward the edge of the valley from -150 m 

to 100m in elevation, having an average 

slope of about 0.025. This unit is very 

rough—it is heavily cratered and is 

uniformly covered in elongated ridges 

suggestive of powerful fluid flow. These 

ridges follow the western wall and go around two obstacles—one a resistant island of old 

material, the other a large crater (see figure 3.5). The subparallel ridges can be traced until they 

bleed into other units toward the north, where the geomorphology changes.  

 

iv. Scoured terrain 2 (St2) 

 Sc2 is to the east of Sp1, and is nearly identical to St1 geomorphologically, the only 

differences being a slightly lower crater population density (which resulted in a younger model 

Figure 3.5. Diverging linear ridges in St1. CTX 
P05_002857_1629_XN_17S149W, (149.65°W, 17.40°S).  
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age), and a shallower slope of 0.01. Rather than transitioning gradually into other units, it is 

abruptly discontinuous at its distal reaches. 

 

v. Smooth plain 2 (Sp2) 

 As one of the largest and 

most distinct units in the Valles, Sp2 

has been a formation of interest since 

Tanaka and Chapman (1990), and 

comprises the majority of the 

southeastern portion of the valley. It 

begins at 0 m elevation and increases 

only to 90 m within the southern 

bulk. North of this area it begins to 

decrease in elevation, reaching a low 

of nearly -200 m. It is smooth and 

flat, and tends to be platy on both 

small and large scales. Similar to 

Sp1, it shows signs of viscous fluid 

flow, though on larger scales. It has large crater embayment and infill features as well as 

extensive lobate edges (see figure 3.6). There is less internal variation than is observed in Sp1, 

though wrinkle ridges and lobed fronts within the unit are observed as well, and this 

homogeneity decreases northward. In the southern portion of Sp2, there are some streamlined 

craters, despite the absence of any other features indicative of flow direction (see figure 3.7). 

Figure 3.6. The uniform appearance of Sp2 and its lobate edges. CTX 
P14_006615_1645_XN_15S149W, (148.98°W, 16.61°S). 
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Perhaps the most interesting 

characteristic of Sp2 is its broken-up 

appearance. Small bits of it can be 

identified on separate islands away 

from the bulk of the unit. Many of 

these islands, as well as the edges of 

the main plateau, are heavily scoured 

with channels and gullies, oriented in a 

general northwesterly direction. 

 

 

vi. Scoured terrain 3 (St3) 

 Another of the larger and more notable units in Mangala Valles, St3 begins about 100 km 

northwest of the valley opening and continues toward the north along the western-central area of 

the main valley, with a general decrease in elevation from -50m to -950 m, at which point it 

become a single narrow channel that reaches a low of -2500 m. It proceeds northward thereafter 

to the northern reach of the Mangala region. Like Sc1 and St2, the geomorphology of St3 is 

strongly ridged in flow-like patterns and is heavily cratered, though it harbors even more 

topographic variation than the other scoured units (see figure 3.8). St3 is composed of vast 

networks of anastomosing channels, and knobbed streamlined islands are scattered throughout 

the central body of the unit with flow-like patterns navigating around them. Channel terraces can 

be identified throughout the unit (see figure 3.8a). 

Figure 3.7. A crater and bar in Sp2. CTX 
P15_006760_1658_XN_14S148W, (148.29°W, 14.36°S).  
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vii. Smooth plain 3 (Sp3) 

 Sp3 is located in the northeast of the main valley, representing a topographic high of the 

valley with elevations ranging from 100 m to 450 m, though it is very flat along its northwestern 

geologic strike. While Sp3 is considered a smooth plains unit, it differs from other smooth plains 

unit in its enhanced interior variation and rough characteristics. Lobes can be seen throughout its 

landscape, oriented without obvious directional bias. Embayed and infilled craters are visible, as 

well as abundant wrinkle ridges and sinuous, channel-like landforms (see figure 3.9). Ridges of 

old terrain are present as islands, some of which appear to be partially covered by the Sp3, 

farther complicating the topography. At its northeastern reaches, it fills in the remaining lows 

before the landscape transitions to highland terrain. .. 

Figure 3.8. a) Typical St3 appearance with ridges and a 
channel terrace (indicated by black arrows). CTX 
P19_008474_1688_XN_11S150W, (149.79°W, 13.33). 
b) Relatively narrow St3 channel with small terraces and 
a streamlined island. CTX 
P03_002079_1639_XN_16S149W, (149.52°W, 
14.37°S).  
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viii. Smooth plain 4 (Sp4) 

 Covering the northern portion 

of the main valley, Sp4 is perhaps the 

flattest unit, with elevations ranging 

from about -75 m to -100 m. It is 

extremely smooth with indistinct, flat 

interior lobes and embayed craters (see 

figure 3.10). The overwhelming dune 

presence is indicative of extensive 

eolian erosion, which appears to have 

erased all but the largest craters, 

which are severely weathered. Sp4 

bears a striking resemblance to the Medusae Fossae formation to the northwest, which has been 

interpreted to be a large weathered airfall tuff deposit (Bradely et al., 2002).  

Figure 3.9. Sinuous channel feature in Sp3. CTX 
G22_026829_1658_XN_14S147W, (148.6°W, 12.29°S). 
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ix. Old terrain 

 Old terrain units are highland terrain within the valley that shows evidence of fluid 

modification. These represent the topographic highs within the valley, with elevations 

approaching 500 m. The topography of these units is extremely variable, and it depends not only 

on the preexisting highland topography but also the extent and type of weathering it has 

undergone. Crater densities, similar to the highland terrain itself, are very high in these units.  

 

x. Terraced scoured (Ts) 

Figure 3.10. Sp4 dunes partially erased craters. CTX B09_013234_1704_XN_09S149W, (149.67°W, 9.84°S). 
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 The Ts unit appears 

predominantly in the southern 

portion of Mangala Valles, as well 

as streamlined islands appearing 

along the western edge of the valley 

within Sp1. They bear a general 

scoured appearance, with deep 

linear grooves and steep walls (see 

figure 3.11). They are distinguished 

from scoured terrain units because 

they are confined to isolated, high islands which have flow features indicating orientations that 

are often inconsistent with those of the surrounding area. They appear to be partially developed 

scoured terrain, disconnected from other scoured terrain due to interface with higher or more 

resistant terrain. They are often capped by a small piece of Sp2.  

 

xi. Polygonal blocked (Pb) 

 Pb terrain was mapped in the southern 

valley, appearing as lower, subdivided smooth 

blocks off of the edges of Sp2 and Ts (see figure 

3.12). They were interpreted by Tanaka and 

Chapman (1990) as thermal alases, but they also 

bear a similar appearance to polygonal volcanic 

flow features similar to those observed in 

Figure 3.11. Terraced scoured unit. Note the high relief over short 
distances. CTX P16_007182_1626_XN_17S150W, (150.11°W, 16.60°S). 
 
 
 
 
 
 

 
 

Figure 3.12. Polygons of the Pb unit. CTX 
P16_007182_1626_XN_17S150W, (149.63°W, 16.74°S). 
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Athabasca Valles (Ryan and Christensen, 2012). 

 

xii. Small knobbed (Sk) 

 Sk features appear in the southern portion of the valley in small batches adjacent to Pb, 

Ts, and Sp1. They are rounder and more widely spaced than Pb, and are generally more uniform 

in size. In locations where they meet Sp1, they are outlined in lobes, implying that they are high 

points within the surrounding floor which Sp1 covers (see figure 3.13). MOLA elevation data 

does support that these areas as a whole tend to be higher than the rest of the floor in the 

immediate area, though the individual knobs themselves are too small for MOLA resolvability.  

 

xiii. Grooved slope (Gs) 

 These features are transitional from Sp2 to St3, mapped in multiple locales to western 

flank Sp2 and one to its eastern flank, whereas Pb lies along its southern flank. These grooves 

are deep, subparallel, and are generally northwestern oriented, aligned roughly perpendicular to 

Figure 3.13. Knobs of the Sk 
unit. Note the lobe behavior with 
respect to the knobs. CTX 
P05_002857_1629_XN_17S149
W, (149.78°W, 16.71°S). 
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the edges of Sp2 (see figure 3.14). There 

are also narrow, sinuous channels 

superimposed on these slopes. The 

orientation of the grooves continues to the 

northwest (downslope) and then curves 

northward to align with that of St3 ridges. 

 

xiv. Large knobbed (Lk) 

 These features appear as 

streamlined islands within the large 

central portion of St3, and tend to be 

large knobs followed by a bar that is aligned with the interpreted unit flow direction. Being high 

and flat, they could be interpreted as eroded islands of Sp2. Their orientation is consistent with 

fluid circumnavigation between two pedestal craters superimposed on St3 and Sp2.  

 

Figure 3.14. Grooved slope features along the margin of Sp2. Note that 
Gs flow features tend to begin oriented perpendicular to the Sp2 edge. 
CTX P03_002079_1639_XN_16S149W, (149.48°W, 16.01°S) 
 
 
 
 
 

 
 
 
 
 
 

Figure 3.15. Streamlined islands of the Lk unit 
within St3. Note the flat tops of these knobs. 
CTX P14_006615_1645_XN_15S149W 
(149.17°W, 15.08°S) 
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3.2 Crater Counts 

As section 2.3 implies, in an erosional environment, crater retention age isn’t as much of 

a measurement of age as it is a measure of the crater survival rate. This introduces error that is 

much more difficult to quantify (the error given is based on the statistical distribution of the 

crater diameters alone), and therefore interpretations must be made with supplementary 

geomorphic observations (Hartman, 2005).  

Crater counts were performed in 17 locations throughout the unit, shown in figure 3.16. 

The results are presented in the table below (see Appendix for individual crater count fits):    

 

 

 

Figure 3.16. Areas where crater counting was performed over a 
THEMIS Day IR mosaic. 
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Crater 

Unit Area (km
2
) 

Model 

Crater 

Retention 

Age (Ma) 

Count 

 

1 Sp2 1939.7 379±18 

2 Sp2 62.936 387±41 

3 Sp2 453.131 350±11 

4 Sp4 226.384 296±69 

5 Sp4 266.733 311±30 

6 Sp3 122.172 559±43 

7 Sp3 228.959 661±60 

8 Sp3 312.222 652±31 

9 Sp1 91.802 332±34 

10 Sp1 181.093 382±27 

        

11 St3 110.824 739±71 

12 St3 115.032 1110±110 

13 St3 233.529 785±54 

14 St2 230.602 708±34 

15 St1 93.798 828±54 

        

16 Ot2 164.867 3490±20 

17 Ot2 60.573 3660±30 

   

 According to the model ages derived from these crater counts, Ot units are the oldest by 

far, the St3 and St2 are intermediate but only slightly 

older than St1, and Sp3, Sp2, Sp1, and Sp4 are the 

youngest. Differences in model ages between sample 

areas within the same geomorphic unit (e.g. sample 

areas 9 and 10, which are both within unit Sp1, have 

model ages that differ by 50 My) illustrate the 

variability in crater counting model ages, rather than 

Figure 3.17. Sample plot of a count in Sp4 (not shown in 
table or map) with a shallow slope. Shallow slopes are 
indicative of a long term process, such as eolian activity. 
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real age variations since we believe each unit was emplaced within a geologically short time 

period. 

Of the units in which crater counts were performed, Sp4 was the most difficult to date 

due to its highly weathered surface, which resulted a sample bias toward large craters, which 

have very few craters per diameter bin. This made the plots difficult to fit (see figure 3.17). Thus, 

the error bars on these model ages are much larger than the formal uncertainties in the above 

table (which rely only on sqrt(N)), and model age dates assigned to Sp4 may not be accurate, 

though the two counts presented are considered to be the most reliable of all crater counts 

performed in that region due to their relative (see figure 3.19). 

   

  

Figure 3.18. A bar plot representing ages presented. Note that while scoured terrain units tend to have older age estimates , 
they are not very much older than Sp3 estimates, whose error bars even allow for some age overlap (e.g. crater count 7 and 14). 
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Figure 3.18. The size frequency distribution (SFD) plots of our crater counts. 
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4.0 Discussion 

4.1 Geomorphic Interpretation 

 In this study, we interpreted the Scoured terrain units to be the result of fluvial activity. 

There are abundant streamlined features, included but not limited to streamlined islands, ridged 

topography aligned parallel to confining unit walls, downcutting on steep slopes, networks of 

braided channels, pendent bars, obvious cutbank walls, and channel terraces on small scales and 

large scales. While these features have been known to be the result of fluvial and volcanic 

processes, volcanic features tend to lack small scale flow features that are consistent with overall 

flow orientation.  The older impact craters in Scoured terrain units have an eroded, rather than 

covered appearance, having smoother, lower rims. Younger impact craters in these units show 

evidence of blocky ejecta, indicative of relatively non-resistant bedrock (Basilevsky et al., 2008). 

The deep elongated grooves throughout St units are consistent with scabland topography 

observed on Earth, agreeing with hypotheses involving chaotic fluvial outburst events (Sharp and 

Malin, 1975, McCauley et al., 1979, Leask et al., 2007). Additionally, there is evidence of 

powerful abrasion of adjacent units and strong directionality of flow. We consider the Terraced 

scoured features to be fluvial as well, and are likely channel terraces derived from the same event 

or events as Scoured terrain, since these landforms often grade smoothly down into another 

fluvial unit of matching flow ridge orientation. Similar arguments apply for Grooved slope 

features. 

 In addition to features consistent with aqueous flow, we have also seen many details that 

lead to a volcanic interpretation.  Smooth plains units, compared to Scoured terrain units, have 

very few flow features, the exception being sinuous lava channel-like features (shown in figure 

4.1 by white arrow), similar to those observed in locations such as Kasei Valles (Chapman et al., 
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2010), lobate-margined flow fronts 

(shown in figure 4.1 with black 

arrows), and impact craters with 

trailing bars (see figure 3.6), 

previously interpreted as a fluvial 

feature (Basilevsky et al., 2008). 

Wrinkle ridges, which appear in every 

smooth plains unit, are also a common 

feature of plains volcanism, generally 

believed to be the surface expression of folds caused by buckling and subsequent faulting of the 

volcanic crust (Watters, 1991).  

 One major clue to identifying these units as volcanic is the features associated with 

impact craters. Older craters with high rims tend to be embayed by what we interpret to be lava 

flows, whereas smaller, lower craters have a characteristic infilled appearance (see figure 4.2). 

This would occur when the thickness of 

the lava flow exceeds the height of the 

crater rim and breaches it. An infilled 

appearance can also result if a portion of 

the crater rim wall is collapsed, allowing 

for flooding of the crater floor with lava 

(see figure 4.3). Observations of the 

diameter range at which craters tend to 

be embayed instead of infilled can 

Figure 4.1. A contact of Sp1 (left) with St3 (right). The white arrow shows a 
channel, while the black arrows point to a lobate flow front. CTX 
P01_001393_1655_XN_14S149W, (149.97°W, 13.69°S). 

 
 
 
 
 
 
 
 

 
 
 

Figure 4.2. A crater with an infilled appearance (left) beside one which 
appears embayed (?) in unit Sp2. CTX P08_003991_1636_XN_16S148W, 
(148.75°W, 16.16°S). 
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theoretically place constraints on lava flow thickness (De Hon, 1982), though previous 

resurfacing events would likely have an effect on these estimates. 

  

Sp1 appears to have filled in a topographic low in fluid channel-like forms overlying 

fluvial-derived ridges, evident in isolated exposures of older ridges and discernible underlying 

ridged topography in the northern portion of Sp1, where it was likely relatively thin (see figure 

4.4) (this phenomenon of increasing the expression of underlying topography northward is 

observed in all volcanic units studied). At the contact between Sp1 and the St units, the ridges on 

the St unit abruptly terminate where the outer lobe of Sp1 begins (see figure 4.5). The curious 

meandering channels at the mouth of the valley can be interpreted as lava channels, whereas a 

fluvial interpretation is less probable since the features lack a traceable source. In addition, Sp1 

tends to embay boulders of the Small knobbed terrain, perhaps because these features form a 

slope too steep to be breached by the lava flow.  

Figure 4.3. A crater in unit 
Sp3 with a breached wall 
and lava-flooded floor. 
CTX 
G22_026829_1658_XN_14
S147W, (147.98°W, 
12.67°S). 
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 Sp3 is the busiest smooth 

plains unit, with complex 

networks of lobes and channels. 

Part of its complexity might be 

explained by underlying Ot 

material that was covered by lava. 

Sp2 bears the classic appearance 

of volcanic plains common in the 

Tharsis region. Its resistance to weathering is evident in the presence of blocky impact ejecta 

(Basilevsky et al., 2009) and intact buttes scattered throughout the southern valley. These buttes 

and islands tend to be proximal to Ts, Pb, and Sk units. Ts morphologies may represent 

weathered partially islands of Sp2. The resemblance of Pb morphologies to lava flow polygons 

allows for the possibility that 

they are weathered polygons, 

with Sk features representing 

polygons that are more 

heavily eroded. This 

hypothesis is evidenced 

where transitional phases 

between Sp2, Pb, and Sk are 

visible (see figure 4.6). Figure 4.5. A lobed flow front in Sp1 overlying and discontinuing the ridges of St1. 
CTX P05_002857_1629_XN_17S149W (149.30°W, 17.85°S) 
 
 
 
 
 

 
 
 
 
 
 

Figure 4.4. A location in the northern portion of Sp1 in which the unit takes on 
topography similar to St3, interpreted to be the surface expression of the 
underlying topography. CTX P01_001591_1708_XN_09S151W (151.33°W, 
11.35°S) 
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Sp4 is distinctive among all of the geologic units in its lack of strong volcanic or fluvial 

characteristics. Interior lobes and embayed craters seem to indicate a volcanic origin, but farther 

evidence is absent. Its resemblance to the Medusae Fossae formation suggests the possibility that 

it is an airfall tuff that covers an older volcanic deposit. This idea is supported by its remote 

location from the interpreted source graben, a dusty cover resembling mantling topography, and 

the extensive eolian features observed. We interpret shallow slopes in its diameter vs. differential 

crater size frequency plots to be the result of these long-term eolian resurfacing processes. 

 

The Grooved slope features on the edges of Sp2 are another mysterious geologic unit, 

seeming to be intimately related to Sp2 and its island erosion. They begin immediately off of the 

edge of the plateau as strong features with no evidence of transition aside from the broken up 

edges of the lava flow. Always starting perpendicular to the lobe edge, they curve down the slope 

to the floor where they appear continuous with St3, however close inspection with high-

Figure 4.6. a) Blocked margin of Sp2, most likely a transitional phase from Sp2 to Pb. CTX 
P03_002079_1639_XN_16S149W, (149.21°W, 16.94°S). b) Sk features adjacent to Pb features. CTX 
P05_002857_1629_XN_17S149W, (149.73°W, 16.34°S). 
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resolution imagery reveals a 

discontinuity between the flow 

direction of Gs and St3, where 

even some of the ridges from St3 

can be seen underneath the 

newer streaks (see figure 4.7). In 

addition, prominent meandering 

channels appear on these slopes, 

seeming to come out of nowhere 

(see figure 4.8). We propose that 

these features are the result of 

aqueous interaction with the lava 

during deposition, specifically the melting of ground ice (which could have been emplaced after 

a flooding event—perhaps that which formed St3—in valley pools that froze) during the 

deposition of Sp2. This could 

have created flow beneath the 

lava which, due to high 

pressures caused by the flash to 

steam, was pushed outward 

along the edge of the flow. It’s 

conceivable that the sinuous 

channels observed on these 

slopes originated beneath the 

Figure 4.7. Grooved slope (Gs) unit coming off of Sp2 (bottom right). Streaks 
and ridges show change in flow orientation downslope. CTX 
P03_002079_1639_XN_16S149W, P05_002857_1629_XN_17S149W, 
(149.72°W, 15.84°S). 
 

 
 
 
 
 
 
 
 

 
 
 
 
 

Figure 4.8. A channel flowing away from Sp2. Note the lack of source at the head of 
the stream. 
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lava flow under these circumstances.  

This could also explain the erosion features observed in the southern canyon area. If 

water was flowing out and away from concentrated localities of subsurface ground ice, then it is 

conceivable that it could erode polygons and other flow edge features as the highly pressurized 

flow escaped. In this scenario, the water would be flowing downhill--which in this case is to the 

southwest while flow features in St units seem to indicate a northwest flow direction. The eroded 

polygons and knobs do tend to populate the southwest edge of Sp2 islands, though we can’t rule 

out the possibility that this is simply due to its presence at the edge of the unit as a whole.  

 

4.2 Relative Unit Emplacement 

 The overall geologic interpretation of these units is largely dependent on their relative 

ages and placement. Besides the Old terrain units, all of the large fluvial units have the oldest age 

estimates attributed to them. While this information alone isn’t necessarily significant, when 

combined with observations that volcanic units tend to overlie the fluvial units, it seems 

plausible that these surfaces precede the events that deposited the volcanic units.  

Crater counts designate Sp3 as the oldest volcanic unit (~550-650 Ma). Since it appears 

to be covered by Sp2 to the south of its exposure, it would be reasonable to guess that it 

continues southward underlying Sp2, having made up the exposed surface before the Sp2 was 

deposited. Sp1 seems to be the youngest geological unit in Mangala Valles, since it covers the 

floor of the fluvially carved southern canyon and is not superimposed by any other unit. While it 

is the unit with the youngest age estimate (aside from Sp4) of ~350 Ma, the ages fit within the 

same range as Sp2 ages. This implies that they were deposited within a very short time of one 

another.  
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 It is difficult to tell a story about the northern plains unit, Sp4, since there are few clues to 

its origin in photogeologic analysis or crater counting analysis. If it is indeed composed of an 

airfall tuff, it is difficult to place in the geologic record since the only unit that can be said to 

overlie it is Sp2, and its eolian erosion may have been ongoing over a long geologic period. 

While it seems reasonable to guess that an older volcanic unit underlies it, it is difficult to date 

this unit or calculate its depth. Thus, we can only say that this unit was probably emplaced after 

the initial carving of the Valles, but before ~350 Ma, when Sp2 was deposited. 

 

4.3 Comparison with Previous Work 

While all reviewed previous work was helpful in mapping and analysis, our 

interpretations and conclusions tend to agree most closely with those of Tanaka and Chapman 

(1990) and Leverington (2007). These authors hypothesize that there was an initial chaotic 

fluvial outburst event which carved the original valley, followed by a phase of volcanism which 

deposited large volcanic plateaus, possibly in concert with more fluvial activity. We generally 

agree with these interpretations, adding the idea that fluvial and volcanic processes might have 

occurred within the same event. Many of the ideas about ground ice-surface interactions closely 

resemble those proposed in works such as Head et al., (2002) and Levy and Head, (2005). 

Studies that instead take a more fluvial-based approach (Basilevsky et al., 2008, Zimbelman et 

al., 1992) differ from out interpretations. Some of the features in these works that were 

interpreted as fluvial may instead be explained by young volcanic processes made more apparent 

by higher-resolution image data. 

  



45 

 

5.0 Conclusions 

5.1 Summary of Results and Conclusions 

 In this study, our goal was to map the Mangala Valles area in detail and to perform 

photogeologic analysis in order to draw conclusions about the possible sequences of events. In 

particular, we aimed to clarify the confusion between volcanic vs. fluvial unit interpretations that 

have been debated in the literature. We found that while fluvial surfaces did indeed report older 

age estimates, they were not significantly older than the volcanic surfaces. Geologic observations 

indicate the occurrence of at least three major volcanic events, and at least one major fluvial 

event. We also suggest that fluvial and volcanic activity may have occurred simultaneously in 

one or more of these events. Given our observations, we conclude that Mangala Valles was 

carved by at least one large-scale fluvial event—likely chaotic outburst flooding resulting from 

dike intrusion of the subsurface hydrological system—followed by at least one volcanic event, 

possibly another large fluvial event which acted as the source of ground ice interpreted to be 

involved in later events, then and at least two more major volcanic events that occurred within a 

short timeframe.  

 

5.2 Regional Conclusions and Implications 

Based on observations of patterns of flow orientation, scales of eroded landforms, and the 

apparent thinning of fluvial energy and lava flow thicknesses northward, it is reasonable to 

conclude that Mangala Fossa has been the source of all of the main geologic events hypothesized 

to have occurred in Mangala Valles. The close interplay of fluvial and volcanic activity suggests 

that fluvial activity played a major role during a period of substantial volcanism. The intimate 

relationship between tectonics, volcanics, and aqueous activity augments current ideas about the 
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true complexity of the Memnonia Fossae region and its relationship to Tharsis-related volcanism 

and tectonics. The relationships observed in the Mangala Valles can be compared to other 

fluvial-volcanic systems such as Athabasca Valles (Jaeger et al., 2007) and Kasei Valles 

(Chapman et al., 2009). As higher resolution data sets become increasingly available, the 

complexity of outflow systems on Mars will continue to be studied and understood, and we may 

find that systems such as the Mangala Valles are not as uncommon as is presently believed. 

 

5.3 Future Work 

 In order to confirm, refine, and further develop current hypotheses associated with 

Mangala Valles, a more detailed ages map is required as well as imagery in current observational 

gaps in Mangala Valles. Detailed study of strata, elevation data, and the performance of unit 

thickness calculations would be useful for creating model cross sections that would provide 

crucial insight into the geological history of the valley. More future detailed study of the 

similarities and differences between Mangala and other fluvio-volcanic valley systems will help 

in the identification and interpretation of certain unusual features. Study of adjacent formations 

(such as the Tharsis plains to the east) is also expected to aid in interpretation of the regional 

context and their relationship with the processes and formations observed at Mangala. This can 

be accomplished by expanding the mapping area and adding structural features to the map. Such 

work could be key to unraveling great regional uncertainties and have broader implications 

beyond the immediate Mangala Valles area. 
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