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ABSTRACT 

This work examines the relative chronology of geologic units within the Cerberus 

Plains of Mars with an emphasis on lava flows emplaced after the last Marte Valles 

fluvial episode. High resolution images show the bulk of the Cerberus Plains is cov

ered by platy-ridged and inflated lavas, which are interpreted as insulated sheet 

flows. Eastern Cerberus Plains lavas originate at Cerberus Fossae fissures and 

shields. Some flows extend for >2000 km through Marte Valles into Amazonis Plani-

tia. Athabasca Valles are both incised into pristine lavas and embayed by pristine 

lavas, indicating that Athabascan fluvial events were contemporaneous with vol

canic eruptions. Deposits of the Medusae Fossae Formation lie both over and under 

lavas, suggesting the deposition of the Medusae Fossae Formation was contempo

raneous with volcanism. Statistics of small craters indicate lavas in the Western 

Cerberus Plains may be less than a million years old, but the model isochrons may 

be unreliable if the small crater population is dominated by secondary craters. Im

ages showing no large craters with diameters > 500 m superimposed on Western 

Cerberus Plains lavas indicate the same surface is younger than 49 Ma. 

High resolution Mars Orbiter Camera (MOC) images have revealed the ex

istence of small cones in the Cerberus Plains, Marte Valles, and Amazonis Planitia. 

These cones are similar in both morphology and planar dimensions to the larger 

Icelandic rootless cones, which form due to explosive interactions between surficial 

lavas and near-surface groundwater. If martian cones form in the same manner 

as terrestrial rootless cones, then equatorial ground-ice or ground water must have 

been present near the surface in geologically recent times. 
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Evidence for a shallow lake in the Western Cerberus Plains during the Late 

Amazonian is also presented. High-resolution images show features interpreted as 

flood-eroded scarps and fluvial spillways exiting the lake. Based on present-day 

topography, a lake would have covered an area of 8.4 x 10^ km^, had an average 

depth of 12 m, and have contained a volume of 1.0x10^ km^ of water. Lake waters 

were likely primarily lost to the atmosphere through sublimation, although some 

quantity of water likely spilled into the Eastern Cerberus Plains or infiltrated into 

the shallow crust. 
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CHAPTER 1 

Introduction 

1.1 Background 

Volcanism on the terrestrial planets as well as Luna, Vesta, and lo is (or, as in the 

case of smaller bodies such as Mercury, Luna, and Vesta, has been) an important 

endogenic process. Mariner 10 fiyby images of Mercury have revealed relatively 

smooth Hermean plains interpreted to have formed due to volcanism (Spudis and 

Guest, 1988). On Venus, X-ray fluorescence spectroscopy results from Venera 13 

and 14 landers indicated the presence of rock compositions similar to potassium 

alkalic basalts and tholeiitic basalts (Surkov et al., 1982), and Magellan synthetic 

aperture radar images revealed the presence of volcanoes, calderas, and flow fields 

(Grumpier et al., 1997). Plate tectonics, a crustal recycling process thought to be 

unique within the Solar System, is thought to be responsible for the resurfacing of 

Earth over geologic time and has resulted in the production of basaltic ocean floors 

(Garr, 1984). Hot spots, plumes of hot material apparently originating from the 

core-mantle boundary known to produce chains of volcanos such as the Sandwich 

Islands (Burke et al, 1981), are thought to have contributed to the resurfacing 

of the Earth by producing large igneous provinces such as the Golumbia Flood 

Basalts upon the initial contact of the plume head with the crust (Hooper, 1997). 

In the case of Luna, analyses of rocks from the lunar mare indicate that they are 

basalts erupted largely between 3.2 and 3.9 Ga (Wilhelms, 1984). Images of Mars 

returned by Mariner 9 and the Viking Orbiters revealed the presence of large shield 

volcanoes and and volcanic plains (Hodges and Moore, 1994). Spectra of Mars from 
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the Thermal Emission Spectrometer of the martian surface indicates the presence of 

rocks with silica contents consistent with basalts or basaltic andesite (Hamilton and 

Christensen, 2001). Examinations of howardite-eucrite-diogenite meteorites which 

have been linked to Vesta via reflectance spectroscopy indicate that body underwent 

at least partial differentiation early in solar system history and experienced extrusive 

volcanism (McCord et al., 1970; Consolmagno and Drake. 1977; Drake, 2001). The 

Voyager 1 (Strom et al., 1979) and Galileo (Turtle et al., 2004) spacecraft have 

observed volcanic eruptions on lo, the only Solar System body other than Earth to 

clearly exhibit active volcanism in the present-day. 

In the case of Mars, volcanism has clearly played a major role in resurfacing 

most of the planet (Keszthelyi and McEwen, submitted). Martian topography is 

characterized by a hemispheric dichotomy (Figure 1.1). The southern hemisphere 

highlands are pockmarked by large crater basins and degraded flood lavas. Two 

large basins, Argyre and Hellas, have floors which lie up to 8 km beneath the surface 

of the southern highlands. Large volcanic complexes such as Tyrrena Patera and 

Hadriaca Patera are located in the southern highlands. In contrast, much of the 

northern hemisphere is covered by lowland plains and feature fewer large impact 

craters. Although some workers have explained the relative smoothness of the 

northern plains as due to deposition of sediments in a northern ocean (Baker et al, 

1991; Parker et al., 1993), others have suggested the northern plains may be volcanic 

(McEwen et al., 1999; Keszthelyi and McEwen). Volcanoes, such as Elysium Mons, 

Olympus Mons, Alba Patera, and the Tharsis Montes, rise many kilometers above 

the surrounding plains. 

There are many open questions regarding martian volcanism. What land-

forms are created by martian volcanism? Is there a link between martian volcanic 

and hydrologic events? Do gases released from martian volcanoes have a significant 

effect on martian climate? Is Mars volcanically dead or is it merely volcanically 

dormant? In this dissertation, I provide answers or constraints to aspects of these 
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Figure 1.1; Top: Shaded rehef map from Mars Orbiter Laser Altimeter (MOLA) 
topographic data of Mars with major volcanoes, plains, and basins labelled (Smith 
et al., 2003). The Cerberus Plains study region is outlined in white. Bottom: 
MOLA-derived topographic map of Mars. Note the hemispheric dichotomy between 
the southern highlands and the northern plains. 
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questions. 

1.2 Summary of Work 

In this work, I examine the Cerberus Plains using imaging, radar, and topographic 

datasets to provide constraints on volcanic emplacement of martian large igneous 

provinces and links between volcanism and hydrology. Plescia (1990) has identified 

likely volcanic flows within the Cerberus Plains. Tanaka (1986) defined this region 

as the referent for the Upper Amazonian period, the most recent martian geologic 

period, so this region represents the youngest (and likely least modified) geologic 

province on Mars. Additionally, the Cerberus Plains are located in the equatorial 

regions of Mars, so ground-ice processes which soften terrains closer to the pole are 

not expected to be important in this region. 

The second chapter of this work argues for the presence of rootless cones 

in the vicinity of the Cerberus Plains. The bulk of this work has been published 

with co-authors Alfred McEwen, Laszlo Keszthelyi, and Thorvaldur Thordarson 

(Lanagan et al., 2001a). High resolution Mars Orbiter Camera (MOC) images have 

revealed the existence of clusters of small cones in the Cerberus Plains, Marte Valles, 

and Amazonis Planitia, Mars. These cones are similar in both morphology and 

planar dimensions to the larger Icelandic rootless cones, which form due to explosive 

interactions between surficial lavas and near-surface groundwater. Impact crater 

size-frequency statistics indicate that the surfaces in the southwestern portions of 

Amazonis Planitia near Marte Valles upon which cones sit are no older than 10 Ma, 

although the presence of secondary craters may complicate the age derivation. If 

martian cones form in the same manner as terrestrial rootless cones, then equatorial 

ground-ice or ground water must have been present near the surface in geologically 

recent times. 

The third chapter examines the relative chronology of geologic units within 
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the Cerberus Plains with an emphasis on lava flows emplaced subsequent to the 

last erosive Marte Valles fluvial episode. This work, written with co-aiithor Alfred 

McEwen, has been submitted and accepted with modifications to Icarus (Lanagan 

and McEwen, submitted). High-resolution images from the Mars Orbiter Camera 

show the bulk of the Cerberus Plains is covered by platy-ridged and inflated lavas, 

which are interpreted to be the products of insulated sheet flows. Shaded relief 

maps based on altimetry from the Mars Orbiter Laser Altimeter show lava flows of 

the Eastern Cerberus Plains originate at Cerberus Fossae fissures and shields. Some 

of these flows extend for >2000 km through Marte Valles into Amazonis Planitia. 

Flood lavas which postdate the last significant Marte Valles fluvial event cover an 

area of 1.10 x 10® km^. The channels of Athabasca Valles are both incised into pris

tine lavas and embayed by pristine lavas, indicating that Athabascan fluvial events 

were contemporaneous with volcanic eruptions. Friable deposits of the Medusae 

Fossae Formation lie both over and under lavas, suggesting that the deposition 

of the Medusae Fossae Formation was also contemporaneous with volcanic events. 

Size-frequency statistics of small craters suggest that the lavas in the Western Cer

berus Plains may be less than a few million years old, but the model isochrons 

may be unreliable if the small crater populat ion is dominated by secondary craters. 

MOC images showing no large craters with diameters > 500 rn superimposed on 

Western Cerberus Plains lavas indicate the same surface is no older than 49 Ma. 

The fourth chapter presents evidence for a shallow, transient lake in the 

Western Cerberus Plains during the Late Amazonian. A portion of this work was 

presented at the Sixth Internat ional Mars Conference (Lanagan and McEwen, 2003). 

High-resolution images show features interpreted as flood-eroded scarps and fluvial 

spillways exiting the lake. Based on present-day topography, a lake would have 

covered an area of 8.4 x 10^ km^, had an average depth of 12 m, and have contained 

a volume of 1.0x10^ km^ of water. Lake waters were likely primarily lost to the 

atmosphere through sublimation, although some quantity of water likely spilled into 
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the Eastern Cerberus Plains or infiltrated into the shallow crust. If lake ice were 

covered by debris before much sublimation occurred, lake ices might have persisted 

for as long as 10® years. Features interpreted as rootless cones, which require shallow 

water to form, indicate that the lava now covering the basin floor was erupted within 

10® years of the last flooding event. 
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CHAPTER 2 

Rootless Cones on Mars Indicating the Presence of Shallow Equatorial 

Ground-ice in Recent Times 

2.1 Introduction 

High resolution Mars Orbiter Camera (MOC) images have revealed clusters of small 

cones in the Cerberus Plains, Marte Valles, and Amazonis Planitia (Fig. 2.1). (A 

table of MOC images with cones in the vicinity of the Cerberus Plains discovered 

after the publication of this chapter is provided in Appendix A as Table A.l.) The 

morphologies and geologic settings of the martian cones are consistent with those 

of rootless cones, constructional features resulting from a series of phreatomag-

matic explosions following the emplacement of a lava flow over a water-rich surface 

(Thorarinsson, 1953). Their formation involves mechanical mixtures of lava with 

water- or ice-laden substrate in inflated lava flow fields (Thordarson, 2000). They 

are called rootless cones, or pseudocraters, because they do not overlie a volcanic 

vent. 

Other structures interpreted to be rootless cones have been identified in 

Viking imagery of Chryse Planitia (Greeley and Theilig, 1978), Deuteronilus Men-

sae (Lucchitta, 1978), Acidalia Planitia (Allen, 1980; Frey et al., 1979) and Isidis 

Planitia (Prey and Jarosewich, 1982). Unlike the cones discussed in this paper, 

most of these cones measure 600 m across the base, double the size of the largest 

terrestrial rootless cones (Chapman et al., 2000), and it is unclear if the Chryse, 
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Figure 2.1: Regional topograpliic map of Cerberus Plains and vicinity. MOLA grid-
ded topography (with a contour interval of 200 m) has been superimposed over a 
Viking base map. Darker regions indicate topographic lows. For clarity, contour 
lines arc not superimposed over the Elysium Mons volcanic complex. Arrows indi
cate downstream directions of known outflow channels. Black squares with white 
centers mark locations of cone groups identified in MOC images (labelled). Note 
clusters of cone fields in the southwestern Cerberus Plains and near the mouth of 
Marte Valles. 
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Deuteronilus, Acidalia, and Isidis cones rest on volcanic surfaces. Structures inter

preted to be cones similar in size to terrestrial rootless cones are observed in Viking 

images of Elysium Planitia (Mouginis-Mark, 1985). However, those smaller cones 

were observed at the limit of Viking image resolution, so their true characteris

tics are uncertain. The structures observed by MOC are the first clearly identified 

martian cones having dimensions, morphologies, and geologic settings similar to 

terrestrial rootless cones. 

2.2 Observations of Rootless Cones on Mars and Earth 

The cones seen in MOC images range in size from 20 m to 300 m in basal diameter 

and have large summit craters with diameters about half as wide as the bases 

(Fig.2.2a). These dimensions are consistent with the more explosive of the Icelandic 

rootless cones as less explosive cones have smaller and narrower summit craters 

(Greeley and Fagents, 2001). The martian cones are found in clusters ranging from 

a few to many hundreds of cones (Fig.2.2a). Such clustering is typical of terrestrial 

examples (Fig.2.2b). There are no strong alignments of cones that would suggest a 

fissure vent beneath the lavas within these cone fields. Also, lavas do not issue from 

these cones, while lavas often issue from cinder cones. Like terrestrial rootless cones, 

many of the martian cones contain nested craters. In many cases, these cones sit 

on distinctive platy-ridged lavas similar to some flows in Iceland (Keszthelyi et al, 

2000). 

Regionally, clusters of cones are noted near the mouth of Marte Valles, in 

southern Amazonis Planitia, and in the southwestern parts of the Cerberus Plains. 

The tops of apparent cones, which are embayed by lava, are seen in additional loca

tions. In many cases, cones are proximal to local fluvial features such as crosional 

banks, longitudinal grooves, and scoured surfaces. Many hundreds of cones are near 

or eroding out from beneath the Medusae Fossae Formation. Although the origin 
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Figure 2.2; (a) MOC image MOS-01962. Latitude: 26.0° N, Longitude: 189.7° W 
(170.3° E). Cluster of cones north of the Cerberus plains. The scene is illuminated 
from the southwest. Note that cones rest on platy-ridged lava, interpreted to be 
rubbly-pahoehoe Keszthelvi et al. (2000). Also note overlapping and dense cluster
ing of cones. The large cone in the upper-left of image appears to exhibit a nested 
crater, (b) Air photo of rootless cone field in Laki lava flow north of Innryi Eyrar, 
Iceland. The scene is illuminated from the southeast. Note that the scale of these 
cones is comparable to those of martian cones. Also note overlapping and dense 
clustering of cones. 
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of the Medusae Fossae Formation is under debate, these cones suggest it may have 

formed from tephra created by interaction between lavas and surface volatiles. 

Icelandic rootless cone fields form in regions where inflated lava flows are 

em placed over marshy terrains (Thordarson et al, 1992; Thordarson, 2000). The 

Icelandic rootless cones typically exhibit well-bedded basal unit of glassy (quenched) 

ash to lapilli scoria which grades upward into a crudely-bedded sequence of spatter-

rich agglutinates, indicating that they were formed by sustained eruptions involving 

disintegration of molten lava. Furthermore, Icelandic rootless cones have not under

gone any post-formational shearing which demonstrates that they were deposited 

onto a stationary upper crust of the lava. These observations strongly suggest 

that the Icelandic cone groups are formed by rootless eruptions where the lava is 

fed through internal pathways or lava tubes to the site of explosive interaction. 

Thordarson (2000) also noted that rootless cone groups have only been found in 

association with inflated lava flows where lava tubes act as lateral feeders to the 

explosion site, and are constrained to marshy regions where water-saturated sedi

ments and lava may intimately mix. By analogy, rootless cones on Mars may require 

sufficient shallow ground-ice to produce water-saturated sediments. There is also 

evidence for inflated lava flows in the western reaches of the Cerberus Plains, and 

all of the platy-ridgcd lava is interpreted as rubbly pahoehoe, where the crusts of 

inflated flows have been broken up and/or remobilized (Keszthelyi and Thordarson, 

2000). 

A variety of other formational processes, including impact processes, mud 

volcanism, and rooted cinder cone construction, have been proposed for other mar-

tian cones. However, these alternative hypotheses do not adequately explain the 

characteristics of the Cerberus-Amazonis cones. Pedestal craters, or impact craters 
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with ejecta blankets that armor surfaces undergoing deflation, may appear as wind-

eroded plateaus with craters raised above surrounding terrains. The features de

scribed here are cones, not plateaus, and show no evidence for wind erosion. Sedi

mentary mud volcanism has been proposed as an alternate model for the formation 

of cones in Acidalia (Tanaka, 1997). However, cones observed by MOC in the vicin

ity of the Cerberus Plains, Marte Valles. and Amazonis Planitia clearly sit on top 

of lava surfaces. Rooted cinder cones are vents for lava and are often aligned over 

fissure vents. The proposed martian rootless cones do not appear to have lavas issu

ing from them, and most are grouped in clusters with no obvious alignments along 

fissures. There are strong alignments of cones in the southwestern Cerberus Plains 

near the Medusae Fossae Formation which may be controlled by the placement of 

lava tubes and/or the supply of water in fractures during cone emplacement Bruno 

et al. (2004). However, it is possible that the cones in southwestern Cerberus Plains 

may have formed over fissure vents and therefore are not rootless. 

2.3 Implications for Recent Equatorial Ground-ice 

Compared with small crater production functions derived by Hartmann (1999), 

crater size-frequency distributions for lavas near the mout h of Marte Valles suggest 

emplacement of surficial lavas less than 10 Ma ago. This result is consistent with 

other estimates of surface ages in this region (Hartmann and Berman, 2000). The 

cones in this region, since they sit on top of the lavas, must be no older than the 

lavas themselves. If these are rootless cones, then subsurface volatiles were available 

to produce the cones at the i.irne of cone formation. Both water ice (Carr, 1996) 

and liquid carbon dioxide clathrates (Hoffman. 2000) have been proposed to exist in 

reservoirs in the martian subsurface. However, as carbon dioxide at shallow depths 

in the martian equatorial environment would be quickly lost to the atmosphere, it 

is more likely water would be the active volatile. Assuming the sole heat source 
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for rootless eruptions conies from an overriding lava flow, Allen (1980) calculated 

that, in order to create a martian phreatic explosion, water or ice must be at a 

depth of no more than half the thickness of the lava flow for water vapor pressure to 

exceed the lithostatic pressure. Since Viking based photoclinometric measurements 

of lava flow fronts in the Marte Valles region indicate that they are approximately 

10 m high (Plescia, 1990), ground-ice available for creating these cones must have 

been no deeper l han about 5 m under the surface at the time of lava emplacement. 

Thordarson (2000) proposes that the volatile-rich subsurface must intimately mix 

with lavas, so it is likely that ground-ice must have been at even shallower depths 

during lava emplacement. 

Possible sources for ground-ice include relic ground-ice remaining from the 

planet's formation, recondensed water vapor from regolith-atmospheric water va

por exchange, and recharge from surficial flooding events. It is unlikely that relic 

ground-ice has survived for 4 billion years in equatorial regions of Mars. Clifford 

and Hillel (1983) calculated that the upper 200 m of the rnartian regolith would 

be desiccated at equatorial latitudes given present climatic conditions for likely re

golith characteristics. However, it is possible for ground-ice to collect in the shallow 

equatorial subsurface in geologically recent times due to changes in water vapor 

exchange rates between the regolith and the atmosphere because of obliquity vari

ations (Mellon and Jakosky, 1995). Fagents and Greeley (2000) have calculated 

lower bounds for the quantities of ground-ice required for the production of rootless 

explosions to reproduce cones of the diameters observed on Mars. They concluded 

that vapor exchange between the regolith and atmosphere is adequate to input the 

required quantities of water into the subsurface during periods of high obliquity. 

Since obliquity variations are likely to occur on timescales on the order of 10'' years, 

it is possible that sufficient ground-ice in this region could be recharged through 

this process if the Greeley and Fagents (2001) model is correct. 

However, geologic evidence points to recently recharged ground water. The 
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presence of nested craters in some cones indicates multiple explosive episodes may 

have occurred due to local recharge of water after an initial explosion, which suggests 

there was sufficient water in the subsurface to recharge local aquifers depleted by 

initial rootless cone eruptions. Additionally, most of the proposed rootless cone 

fields appear in or close to fluvial features and in local topographic lows. For these 

reasons, it is likely that requisite quantities of ground-ice were locally recharged 

with surficial water released in regional outflow events. Geomorphic evidence for 

recent (< 100 — 500 Ma) large flooding events through Marte Valles into Amazonis 

Planitia has been documented (Tanaka, 1986; Scott and Chapman, 1995; Burr et al, 

2000). For these reasons, we consider recent fluvial recharge to be the most likely 

origin for the shallow ground-ice. If shallow ground-ice in these regions was present 

less than 10 Ma ago, deposits of shallow ground-ice probably persist in the vicinity 

of the cone fields to the present day. 
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CHAPTER 3 

Geomorphic Analysis of the Cerberus Plains: Constraints on the 

Emplacement of the Youngest Lava Flows on Mars 

3.1 Introduction 

Viking-based studies of the Cerberus Plains revealed the presence of smooth surfaces 

exhibiting few impact craters, leading Tanaka and Scott (1986) and Tanaka (1986) 

to interpret this region as being the youngest on Mars and to define this region as 

the referent for Upper Amazonian units. Located on the southeastern margin of 

the Elysium Rise, the plains extend for over 3000 km from east to west and roughly 

600 km from north to south (Figure 3.1). The Cerberus Plains are bounded by 

ridged plains on the west and south, cratered knobby terrains on the north, the 

Medusae Fossae Formation on the southwest and southeast, and Athabasca Valles 

outflow channels on the northwest. Marte Valles outflow channels connect the 

Eastern Cerberus Plains with Amazonis Planitia. Many of the units surrounding 

the Cerberus Plains are overprinted by ridges which trend northeast to southwest, 

circumferential to the Elysium Rise. The Cerberus Fossae, fissures with trends near-

perpendicular to that of the ridges, cut across the Cerberus Plains, the norrhern 

knobs, and portions of the ridged Elysium lavas. 

The sequence of and relationships between hydrologic and volcanic events 

within the Cerberus Plains have been a matter of debate. To address these issues, 

I have synthesized topographic, imaging, and radar datasets to determine the re

cent geologic history of the Cerberus Plains. I also examine the stratigraphy of 



29 

40' !J™JLmJiLJiL*-jii-iiiJLjaiJ-M-iajJi^ 

Ama/onis 
Planitia 

Mons ' 

Elysium 
Mons 

Cerberus 

• ^.1 

160* 170' 180" 190' 200' 210" 

10 ' 

Plains 

aiMiiiJiLT*:*;: 
220* 230° 

Figure 3.1; Shaded relief location map derived froni Mars Orbiter Laser Altimeter 
data of the Cerberus Plains and vicinity (Smith et al., 2001). Longitudes are in 
degrees east. The study region is outlined in white. At the equator, 1° spans 
~ 59.2 km. 
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the youngest Cerberus Plains volcanic units and surrounding terrains, including 

the Medusae Fossae Formation and the channel systems. Size-frequency statis

tics of small craters (diameters < 500 m) and large craters (diameters > 500 m) 

are analyzed to provide constraints on the relative and absolute ages of Cerberus 

Plains volcanics. Constraints for the emplacement of large lava flows and volumes of 

volatiles released are also discussed. The conclusions of this work concur with most 

previous workers that the Cerberus Plains have been shaped by Late Amazonian 

eruptions of lava and aqueous flooding (Plescia, 1990; Keszthelyi et al., 2000; Burr 

et al., 2002; Plescia, 2003), although the interpretations differ in certain details. 

3.2 Background 

The relative importance of hydrologic and volcanic episodes within the Cerberus 

Plains has been a controversial issue. The presence of teardrop-shaped knobs in 

Athabasca and Marte Valles and the smooth character of the plains led Tanaka 

and Scott (1986) and Tanaka (1986) to interpret the surfaces in this region as 

fluvial deposits from floods which emanated from Cerberus Fossae. On the basis 

of uses Viking-based topographic maps which indicated that the plains lay in a 

closed basin, Scott and Chapman (1995) interpreted surfaces in the region as pluvial 

sediments deposited on top of volcanic surfaces by a paleolake which subsequently 

debouched both eastward through Marte Valles and westward to southern Elysium 

Planitia. However. Plescia (1990, 1993) noted the presence of sparsely cratered, 

lobate, convex-ridged surfaces with morphologies consistent with unmodified lava 

flows and interpreted the surfaces to be lava flows filling pre-existing fluvial channel 

systems. Early data from Mars Global Surveyor showed that there is no large closed 

basin encompassing the entire Cerberus Plains and indicated that these surfaces are 

covered largely by lava (McEwen et al., 1999; Keszthelyi et al., 2000). Sakimoto 

et al. (2001) and Plescia (2003) identified several shields and linear edifices, which 
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were interpreted as volcanic vents, within the Cerberus Plains and in the vicinity 

of the Cerberus Fossae fissures. Based on statistics of small craters with diameters 

< 500 m, Burr et al. (2002) argued for repeated flooding by water from three 

separate channel systems in the vicinity of the Cerberus Plains over the last 100 Ma. 

There has been some debate as to the nature of the present-day surfaces of 

the Cerberus Plains. The platy-ridged morphology of the Cerberus Plains has been 

noted by several workers (McEweii et al., 1999; Keszthelyi et al., 2000, 2004). Based 

largely on analogs to the Laki flow and historical records of the 1783 Laki eruption 

(Thordarson and Self, 1993), Keszthelyi et al. (2000) interpreted platy-ridged sur

faces of the Cerberus Plains and Amazonis Planitia surfaces as insulated sheet lava 

flows, which initially form as inflated pahoehoe fields until a short-duration surge 

in the eruption rate forces more lava to be injected into the flow than the pathways 

feeding the flow can conduct. The surface of the flow is then disrupted into large 

plates and rafted downslope resulting in a morphology of plates and ridges within 

central portions of the flow, although the original inflated lava surfaces remain pre

served in regions such as flow margins where the local lava effusion rates are not 

large enough disrupt the flow crust (Keszthelyi et al., 2000). Similar platy-ridged 

surfaces have also been interpreted as mudflow deposits (Rice et al., 2002; Williams 

and Malin, 2004). Rice et al. (2002) suggested that the platy-ridged appearance is 

due to the past pressure of (currently sublimated) ice rafts on top of a mudflow. 

and Williams and Malin (2004) suggested such plates could be rafted mud deposits 

that were not entrained into the mudflow. Woodworth-Lynas and Guigne (2003) 

suggested that grooves on platy-ridged surfaces in Kasei Valles may have formed as 

scour marks by floating ice rafts and plates may have formed as ice floe grounding 

pits. 

The roughness of the Cerberus Plains at various scales has been exam

ined by several workers. Decimeter-scale roughness of the Cerberus Plains has 
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been constrained by Earth-based, delayed-doppler mapping with the Arecibo S-

band (12.6 cm) radar (Harmon et al., 1992, 1999). Same-sense specific cross-section 

backseattcr values show strongly backscattering surfaces in the Cerberus Plains, 

Marte Valles, and Amazonis Planitia. These areas have been interpreted as likely 

being lava plains, which are efficient backscattering surfaces due to lava textures 

which are rough on the decimeter scale and/or volume-scattering within the top 

few decimeters of the surface (Harmon et al., 1999). Analyses of laser altimetry 

data over the region have shown that the plains have some of the lowest median 

differential slopes on Mars with baseline lengths of 0.6 km, 2.4 km, and 19.2 km, 

thus indicating the plains are extremely smooth at those length-scales, which is con

sistent with the presence of flood lavas filling topographic lows within this region 

(Kreslavsky and Head, 2000). 

Attempts to constrain the absolute ages of Cerberus Plains surfaces have 

been based upon crater statistics. Counts of large craters (diameters >1 km) in 

Viking images by Plescia (1993) led him to conclude the plains have ages of 200-

500 Ma. A subsequent re-evaluation of the frequency of kilometer-scale craters 

visible in Viking Orbiter images led him to suggest that volcanism at the distal end 

of Athabasca Valles occurred at ~144 Ma (Plescia, 2003). Hartmann and Berman 

(2000) pointed out that many of the large craters in Amazonis Planitia and the 

Cerberus Plains are likely embayed by lava flows, so the model ages derived by 

Plescia (Plescia, 1993, 2003) likely overestimate the age of the youngest surfaces 

and instead represent the ages of surfaces under the lavas. On the basis of statistics 

of small craters (with diameters of 16 500 m) and a model for the martian crater 

production function, surveys in the Cerberus Plains have indicated that some of 

these lava and channel surfaces have model ages ranging from <10 Ma to 100 Ma 

(Hartmann and Berman, 2000; Berman and Hartmann, 2002: Burr et al., 2002; 

Werner et al., 2003) with ascribed errors of a factor of two (Hartmann and Neukum, 

2001). The derived model ages from counts of small craters are based upon the 



33 

assumptions that they are randomly distributed on the martian surface and they 

formed at random times. However, if the small craters with diameters of 16 500 m 

are dominated by secondary craters clustered in rays, then the uncertainties in 

derived model ages may be at least an order of magnitude larger (McEwen, 2003: 

McEwen et al., 2003a; McEwen et al., submitted). 

3.3 Datasets and Mapping Methods 

Topographic, imaging, and radar datasets were synthesized to determine the spatial 

and stratigraphic relationships of Cerberus Plains units. 

3.3.1 Topography 

Regional-scale geomorphic provinces of the Cerberus Plains and vicinity were iden

tified using gridded topographic datasets and shaded rehef maps derived from Mars 

Orbiter Laser Altimeter (MOLA) data (Figure 3.2) (Zuber et al., 1992; Smith et al., 

2001). The digital elevation model (DEM) of the study area was produced from the 

MOLA Precision Experiment Data Record (Smith et al., 1999) using the natural-

neighbor interpolation technique, which has been shown to more accurately compute 

interpolated values than bilinear, nearest neighbor, and spline interpolation meth

ods (Abramov and McEwen, 2004). Individual MOLA altimetric shot points have 

ranging accuracies of 37.5 cm, footprint diameters of 168 m, and downtrack shot-

spacings of 300 m (Smith et al., 2001). The average crosstrack shot-spacing of data 

collected during the mapping phase of the mission is ~1 km at the equator (Zuber 

et al., 1992; Smith et al., 2001; Neumann et al., 2003). At the time of DEM creation, 

crossover analysis of overlapping MOLA groundtracks indicated topographic values 

have an error of roughly 3 m in absolute elevation (Neumann et al., 2001). 
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Figure 3.2: Digital elevation map derived from MOLA altimetry of the Cerberus 
Plains superimposed over a shaded relief map illuminated from the top (Smith et al., 
2001). The contour interval is 100 m. The topographic divide between the Eastern 
Cerberus Plains (ECP) and Western Cerberus Plains (WCP) is labelled, as are 
Athabasca Valles (AV), Marte Valles (MV), and Amazonis Planitia (AP). 
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3.3.2 Imaging 

Mars Or biter Camera (MOC) narrow angle images of the Cerberus Plains and 

vicinity with resolutions of 1.5- 20 m/pixel (Malin and Edgett, 2001) were examined 

to determine the spatial distribution of different types of meter-scale morphologies 

in this region. MOC images are also useful in identifying stratigraphic relationships 

between adjacent geologic units in locations where such relationships can not be 

determined from the topographic data. I identified common types of Cerberus 

Plains surfaces (discussed in Section 3.4.2) and then mapped their distributions 

by subdividing MOC images into 3-km-long downtrack segments and recording 

which surface types were visible in each segment. Since MOC narrow angle images 

only cover small areas rarely more than ~3 km wide (Malin et al., 1992), I also 

examined THEMIS IR (thermal infrared) images ~32 km wide and with resolutions 

of 100 m/pixel and THEMIS VIS (visible wavelength) images -^19 km wide and with 

resolutions of > 18 m/pixel over particular regions of interest not covered by MOC 

images (Christensen et al., 2003). Although the THEMIS images do not reveal the 

10-meter-scale textures of the martian surface, they do cover more area than MOC 

images and at higher resolutions than Viking images of the region. In addition, the 

thermal infrared images reveal diurnal variations in temperature due to differences 

in thermal inertia, and the thermal inertia variations are often highly correlated 

with meter-scale morphologies (Christensen et al., 2003). 

3.3.3 Radar 

Delayed-doppler mapping with the Arecibo S-band (12.6-cm-wavelength) radar was 

used to provide qualitative constraints on the relative, decimeter-scale roughnesses 

of surface types identified in the Cerberus Plains, Marte Valles, and Amazonis 

Planitia (Figure 3.3) (Harmon et al., 1992, 1999). While the resolution of the 

radar data is coarse, 0.1° (~5.7 km) at the sub-earth point and 0.6° (~34 km) after 
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processing, the radar data do indicate the presence of highly backscattering surfaces 

within the Cerberus Plains (Harmon et al., 1992, 1999). 

3.4 Observations 

3.4.1 Topography 

Shaded relief maps of the Cerberus Plains and vicinity reveal several prominent 

geomorphic provinces. Regions which bound the Cerberus Plains include highland 

knobs (knobby, heavily cratered terrains), ridged plains (plains overprinted by many 

subparallel ridges), hackly terrains (units which consist of 5-10 km wide bumps 

which, at the resolution of the DEM, appear to overlap each other), the Medusae 

Fossae Formation as mapped by Bradley et al. (2002), and Amazonis Planitia (Fig

ure 3.4). Based on observations and interpretations described in this work, Cerberus 

Plains units are interpreted as lavas and subdivided into lavas which apparently fill 

Marte Valles (Post Marte Valles Cerberus Lavas) and those which underlie Post 

Marte Valles Lavas and do not clearly fill Marte Valles (Older Cerberus Lavas). 

The topography of the Cerberus Plains is characterized by extremely low 

gradients with regional slopes of approximately 0.025°. Visible in some isolated 

locales within the plains are knobby terrains with relief of 200 - 300 m, rims of large 

(>20-kin-diarneter) craters, and, in the western portions of the plains, ridges which 

rise up to 100 m above the surrounding plains. The Cerberus Fossae, a series of 

subparallel fissures, cut across the Cerberus Plains in a westnorthwest-eastsoutheast 

trend, nearly perpendicular to the trend of ridges in this region. Southeast of 

Athabasca Valles, Cerberus Plains surfaces are divided by a system of ridges oriented 

circumferential to Elysium and followed by the main channel of Athabasca Valles. 

These ridges form a topographic divide across the plains. In the remainder of 

this work, Cerberus Plains surfaces east of the ridge system are referred to as the 
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Figure 3.3: Deiayed-doppler same-sense backscatter S-baiid radar map of the Cer
berus Plains and vicinity (Harmon et al., 1999) superimposed on a MOLA-based 
shaded relief map. UgQ values expressed in decibels {ag^{dB) = lOlogagQ). 
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Figure 3.4; Generalized geomorphic map of the Cerberus Plains. Surfaces inter
preted as Cerberus Plains lava flows which clearly are superimposed on Marte Valles 
are in red. Surfaces interpreted as older lava flows are in orange. 
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"Eastern Cerberus Plains" (Figure 3.5), and plains surfaces west of the ridge system 

are referred to as the "Western Cerberus Plains" (Figure 3.6). 

Surfaces within the Eastern Cerberus Plains dip eastward towards Marte 

Valles and then dip northeastward through Marte Valles into Amazonis Planitia. 

Large lobes, many of which overlap each other, are observed to originate from 

Cerberus Fossae fissures, rapes (ridges), and low-profile shields (Figure 3.5). The 

lobes have lengths ranging from tens of kilometers to over a thousand kilometers 

and widths ranging from several kilometers to over a hundred kilometers. Several 

of the lobes extend into Marte Valles and terminate in western Amazonis Planitia. 

One of the largest lobe margins within the Eastern Cerberus Plains is as high as 

~ 40 in above the surrounding terrains. Most of the Western Cerberus Plains 

Ues within a basin with an average depth of 12 m which deepens to about 50 m 

towards its southern margin. The shaded relief map also shows several small lobes 

originating from a small shield east of Athabasca Valles near 9.4°N 157.8°E (Figure 

3.6). However, with the exception of lobes which terminate in the vicinity of the 

shield, no other obvious lobes are observed within the Western Cerberus Plains on 

the shaded relief map. 

3.4.2 Imaging 

High resolution (2- 20 m/pixel) images show that much of the Cerberus Plains is 

covered by platy-ridged surfaces; patterned surfaces; plateaus exhibiting irregular 

pits and inverted topography; subparallel, overlapping ridges with lengths on the 

order of 10 1000 m; and mantled surfaces (Figure 3.7). 
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Figure 3.5: Shaded relief map, illuminated from the north, of the Eastern Cerberus 
Plains. Cerberus Fossae fissures, rapes (ridges), shields, and several valley systems 
are also labelled. ECP: Eastern Cerberus Plains; RP: ridged plains; HT: hackly 
terrains; MFF: Medusae Fossae Formation. 
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Figure 3.6: Shaded reUef map, illuminated from the north, of the Western Cerberus 
Plains, Athabasca Valles, and surrounding units. Topographic divide indicated by 
dashed line. RP: ridged terrains; MFF: Medusae Fossae Formation; ECP: Eastern 
Cerberus Plains; WCP: Western Cerberus Plains. 
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Figure 3.7: Location map of terrains identified in MOC images. Colors indicate the 
following terrain types: dark red: platy-ridged surfaces; pink: plateaus with pits 
and inverted topography; green: overlapping, subparallel ridges; yellow: mantled 
surfaces. 
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3.4.2.1 Platy-Ridged Surfaces 

Many surfaces within the Cerberus Plains exhibit a platy-ridged appearance (Figure 

3.7). MOC image Ml5-01326 shows a typical platy-ridged surface (Figure 3.8a). 

Plates vary widely in size; the bottom third of the image reveals the presence of small 

plates of widths ~ 50 m, and the upper half of the image shows plates > 1000 m 

wide. Ridges, up to ~ 10 m in height (as derived from shadow measurements), 

bound the edges of many of plates in the middle portion of the image. Many of 

these plates appear to once have fit together like a jigsaw puzzle. For example, in 

the upper portion of M15-01326 (Figure 3.8a), white arrows indicate the ends of 

ridges cut by the edge of the northern plate which line up with ends of ridges cut 

by the edge of the southern plate as though a single plate had been rifted apart. 

Additionally, wakes in platy-ridged surfaces occur in locations where the plates 

appear to have pushed past positive relief obstructions (Figure 3.8b). 

3,4.2.2 Pitted Plateaus 

Many images reveal the presence of plateaus, irregular pits, and inverted topogra

phy throughout the Cerberus Plains (Figure 3.7). MOC image MOO-02368 reveals 

plateaus which appear to have been raised above the surrounding terrain near point 

A (Figure 3.9a). Small, irregularly shaped depressions with lengths of approxi

mately 500 m are noted in a plateau south of the ridge near point A (Figure 3.9a). 

Near point B in MOO-02368 are two circular depressions with raised surfaces in their 

centers. Pitted plateaus frequently occur along the margins of platy-ridged surfaces, 

as observed in MOC image MOl-OOlll (Figure 3.9b). 
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Figure 3.8: a. MOC image M15-01326 of platy-ridged surfaces. Large, kilome
ter-wide plates are visible in the top portion of the image, and 50-m-wide plates are 
visible in the bottom third of the image. Arrows show ridge terminations which are 
interpreted to have once been connected. The scene is illuminated from the left, 
b. MOC image M09-01921 of wake in platy-ridged lavas. The scene is illuminated 
from the left. c. Context image for M 1.5-01326 (a) and M09-01921 (b). 
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Figure 3.9: a. MOC image MOO-02368 near 4.4°N 143.9°E. The scene is illuminated 
from the left. Point "A" marks the location of a plateau north of a ridge. Pits in the 
plateau occur south of the ridge. Point "B" marks two nearly circular depressions 
interpreted as embayed craters, b. MOC image MOl-00111 near 5.8°N 145.2°E. The 
scene is illuminated from the left. An example of pitted plateaus located along the 
margins of the platy-ridged surface, c. Context image for 3.9a and 3.9b. Pitted 
plateaus and platy-ridged surfaces in 3.9a and 3.9b overlie ridged plains bounding 
the western margin of the Cerberus Plains. 
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3.4.2.3 Patterned Surfaces 

Patterned surfaces covered by small-scale polygons approximately a few tens of 

meters in diameter (Figure 3.10a) are generally observed to lie on pitted plateaus, on 

larger plates within the platy-ridged region, or on surfaces in between plates of platy-

ridged surfaces. Shading relationships indicate that the edges of the polygons appear 

to be depressions. THEMIS daytime thermal infrared images (Figure 3.10b) of 

patterned surfaces in the vicinity of Athabasca Valles show that the ridged surfaces 

are relatively bright (warm) while the patterned surfaces are comparatively dark 

(cool). A nighttime thermal infrared image (Figure 3.10c) of the same region shows 

that the patterned surfaces are brighter (warmer) than the ridged surfaces. The 

strong anticorrelation between daytime and nighttime infrared brightness indicates 

that temperature patterns are controlled by variations in thermal inertia. Since 

surfaces with higher thermal inertias are cooler than low thermal inertia surfaces 

during the day and warmer than low thermal inertia surfaces during the night, 

these data indicate that patterned surfaces have higher thermal inertias than ridged 

surfaces, indicating that the former consist of rocky, dense materials. In contrast, 

the plates have relatively low thermal inertias, which indicates the presence of a 

cover of fine materials or void spaces at or near the surface of the plates. 

3.4.2.4 Overlapping Subparallei Ridges 

MOC image M19-00718 reveals the presence of surfaces exhibiting many subparallei, 

overlapping ridges with lengths on the order of 10-1000 m and widths on the order 

of 10-100 m superimposed over nearly pristine platy-ridged surfaces (Figure 3.11). 

These massive, ridged units are generally located along the southwestern edges 

of the Cerberus Plains within regions mapped as the Medusae Fossae Formation 

(Figure 3.7). 



47 

vsor! 

MOC Image THEMS »ay IE TBEMIS Night IR 

Figure 3.10: a. MOC image El 1-03799 of platy-ridged surfaces (center left of image) 
next to patterned surfaces near 9.1°N, 154.6°E. The scene is illuminated from the 
left. b. THEMIS thermal infrared daytime image 101118002 of surfaces in the 
vicinity of Athabasca Valles. The location of Fig. 3.10a is outlined by the white 
box. Bright area in box corresponds to location of platy-ridged surfaces, c. Mosaic 
of THEMIS thermal infrared nighttime images 100875002 and 101237007 of the same 
region. The location of Fig. 3.10a is outlined by the black box. Dark area in box 
corresponds to the location of platy-ridged surfaces. 
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Figure 3.11: a. MOC image M19-00718. The scene is illuminated from the top-left. 
Subparallel ridges in the top half of the image are superimposed over pristine 
platy-ridged surfaces, b. Context image for M19-00718. WCP: Western Cerberus 
Plains. MFF: Medusae Fossae Formation. 
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3.4.2.5 Mantled Surfaces 

Mantled surfaces are noted throughout the study region with concentrations in the 

knobs north of the Cerberus Plains, along the Cerberus Fossae, and within the 

Medusae Fossae Formation (Figure 3.7). MOC image M02-01973 shows a mantled 

surface in the vicinity of a lobe around a Cerberus Fossae fissure (Figure 3.12). 

With the exception of crater rims, the plains around the lobe and fissures exhibit 

little relief. Craters up to 300 tn in diameter, which would be expected to be bowl-

shaped, also exhibit flat floors. Small, northwest-trending ridges with lengths of 

~20-100 m are observed within the image. Many of these ridges occur along the 

northwestern edges of crater rims. 

3.4.3 Radar 

Table 3.1 shows statistics for S-band backscatter values for locations where 

surface types described above have been identified in MOC images of the Cerberus 

Plains and vicinity. Although the nonzero skewness and kurtosis values indicate that 

the data do not follow a normal distribution and the resolution of the radar dataset is 

approximately four orders of magnitude larger than the resolution of MOC images, 

some inferences can be made regarding values for surface types identified in 

MOC images. The Cerberus Plains themselves are highly backscattering relative to 

the surrounding terrains. Mean values for platy-ridged surfaces, pitted plateaus, 

and patterned surfaces are significantly elevated over those for mantled surfaces and 

subparallel overlapping ridged surfaces. Statistically, platy-ridged surfaces, pitted 

plateaus, and patterned surfaces are indistinguishable from each other. This may 

be expected both because MOC images show these surface types are proximal to 

each other and because of the low resolut ion of the radar data. Of the five surface 

types examined, subparallel ridges exhibit relatively low values compared to 

other surface types. Mantled surfaces exhibit backscatter values intermediate 
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t 

t 1 km 
Figure 3.12; MOC image M02-01973 near 10.5°N 156.2°E. The scene is illuminated 
from the left. North is approximately up. The black arrows point to the margins of 
a lobate form which is bisected by a splay of the Cerberus Fossae. The white arrow 
points at a crater exhibiting small ridges on its northwestern side. Many craters are 
flat-floored. With the exception of the lobe and fissure, intracrater regions exhibit 
little relief. 
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Table 3.1: Statistics of S-band radar same-sense backscatter values (cTg^o) over com
mon Cerberus Plains surfaces identified in MOC images. 

Surface Type Mean Standard Skewness Kurtosis 
(same-sense deviation 

specific 
cross-section) 

Platy-ridged surfaces 0.0972 0.0373 0.168 -0.560 
Pitted plateaus 0.0861 0.0323 0.092 -0.362 

Patterned surfaces 0.0895 0.0337 -0.253 -0.822 
Subparallel ridges 0.0296 0.0125 0.749 -0.262 
Mantled surfaces 0.0477 0.0286 1.916 4.860 
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between those of the platy-ridged surfaces and subparaUel ridges. 

3.5 Interpretations 

Based on an understanding of the formation of volcanic terrains from terrestrial 

analogs, I argue that the available topographic, imaging, and radar datasets sup

port the interpretation that the bulk of Cerberus Plains surfaces are covered by 

flood lavas. Some lava flows originated from fissures while others originated from 

shields. Some mantling deposits and Medusae Fossae Formation materials may be 

volcanically derived, but other possible origins cannot be excluded. 

3.5.1 Flood Lavas 

Platy-ridged surfaces, patterned surfaces, and pitted plateaus exhibit morphologies 

consistent with those of insulated sheet flows. As described by Keszthelyi et al. 

(2000), insulated sheet flows form due to the disruption of the surface of an inflated 

lava flow field due to a surge in the eruption rate. Plates may be rafted apart, 

resulting in lateral displacement of the plates' topographic features as visible in 

Figure 3.8a. Wakes, as in Figure 3.8b, indicate locations where moving rubbly plate 

surfaces have been disrupted due to motion over an obstacle. Patterned surfaces, 

which often appear between rafted plates, are interpreted as denser core lavas. 

Plateaus exhibiting irregular pits and inverted topography are interpreted as inflated 

lavas. The hummocky and mottled appearance of these surfaces is consistent with 

those expected of tube-fed inflated pahoehoe fields (Self et al., 1998), although 

(Keszthelyi and McEwen) note that inflation may occur in other lava types. During 

early emplacement of such lavas, small topographic barriers dam initially thin lava 

flows. As the eruption continues, lava injected under the cooler, hardened surface 

hfts the surface of the flow above the initial barrier. At fine scales, such fields are 
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often covered by tumuli and ropy textures (Self et al., 1998). Many of these pitted 

plateaus are located on the margins of platy-ridged surfaces as in Figure 3.9. 

The little-studied Burfell lava flow near K rail a, Iceland, exhibits many of 

the morphologies identified in the Cerberus Plains (Figure 3.13). Haack et al. (2004) 

have observed that plates of comparable sizes as those in the Cerberus Plains are 

observed within the Burfell flow (Figure 3.13a). Between some of the Burfell plates 

are compressional ridges (Figure 3.13a). Wakes in the flow are observed where 

plates encountered obstacles (Figure 3.13b). Lastly, like Cerberus Plains lava flows, 

inflation plateaus and inflation pits are observed along the margins of the Burfell 

flow (Figure 3.13c). 

As noted previously, S-band radar backscatter values are generally higher 

within the Cerberus Plains than in surrounding regions. Platy-ridged surfaces, 

patterned surfaces, and pitted plateaus are widespread throughout the bulk of the 

Cerberus Plains. Marte Valles, and Amazonis Planilia, and their spatial occurrences 

coincide with enhanced 12.3-cm-wavelength same-sense radar backscatter within the 

region. High backscatter values are generally interpreted to indicate the presence 

of a surface which is rough on length scales of the same order as the wavelength of 

the radar signal (which in this case is approximately a decimeter) or the presence 

of void spaces within depths on the order of the wavelength of the signal (Harmon 

et al., 1992. 1999). So, the radar data of the Cerberus Plains indicate the presence 

of surfaces that are rough at decimeter scales and/or contain significant void spaces 

in the upper few decimeters of the surface. Terrestrial lava flows on Mauna Loa 

have also been observed to be efficient radar backscatterers (Campbell et al., 1993), 

so the high backscatter values observed in the Cerberus Plains may be consistent 

(although not uniquely so) with the Keszthelyi et al. (2000) model for lava flows 

with brecciated flow tops. However, Harmon et al. (1999) note that Cerberus Plains 

surfaces arc more efficient backscatterers than those of measured terrestrial lava 

flows. 
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Figure 3.13: a. Air photo of the Burfelilava flow in Iceland. The scene is illuminated 
from the left. Note the presence of large plates and compressional ridges. White 
box outlines the extent of Fig. 3.13b and the black box outlines the extent of Fig. 
3.13c. b. Close-up of wakes in platy-ridged flow. The arrow points to wakes where 
the lava flow surface was pushed past an obstacle, c. Close-up of edge of lava flow. 
Inflated lava flows sit on the margin of the platy-ridged lava flow in the lower left. 
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Large-scale topographic features of the Cerberus Plains are also consistent 

with those expected of flood basalt provinces. The low topographic gradients of the 

Cerberus Plains are similar to regional slopes on flat-topped terrestrial flood basalt 

flows such as those observed in the Columbia River flood basalts (Head et al., 1981). 

Cerberus Plains lava flows originate from fissures, rupes (ridges), and low-profile 

shields, morphologies similar to those found in the Snake River Plains (Sakimoto 

et al., 2003). MOLA shaded relief maps of the Eastern Cerberus Plains show that 

many lava flows extend from the Cerberus Fossae. These en-echelon fissures are 

up to 2 km wide and up to 500 m deep and have been identified as a source for 

both water and volcanics (Herman and Hartmann, 2002; Burr et al., 2002; Plescia, 

2003; Head et al., 2003). The entire fissure system extends for more than 1200 

km, cutting across ridged plains, Athabasca Valles, ancient highland remnants, and 

pristine lavas, indicating it has been active more recently than the youngest flood 

lavas (Berman and Hartmann, 2002). However, Plescia (2003) suggests that the 

Cerberus Fossae might appear younger due to wall collapse. Eruptions from the 

Cerberus Fossae have apparently built up a rupes, or ridge, over the fissure near 

7°N 167°E (Figure 3.5). This ridge extends for ~100 km and rises ~30 m above the 

surrounding lava flows. 

Imaging data also indicate these fissures served as eruptive centers. Figure 

3.14 shows a daytime THEMIS thermal infrared mosaic of Athabasca Valles. Dark 

flows are observed to extend from the Cerberus Fossae from six locations, two 

of which correspond to the upstream end of the valles. As discussed previously, 

dark surfaces in daytime THEMIS IR images indicate surfaces with high thermal 

inertias, so these dark flows are consistent with lavas that have been erupted from 

Cerberus Fossae and flowed downhill through and next to Athabasca Valles. Higher 

resolution images also suggest that these fissures serve as eruptive vents. Image 

M02-01973 (10.8°N 156.3°E) shows a small lava flow surrounding the sides of the 

Cerberus Fossae (Figure 3.12). The image shows the flow is completely surrounded 
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by a mantled, cratered surface, so it must have been erupted at this location. 

Several flows also originate from shields that have been identified in the 

Eastern Cerberus Plains (Plescia, 1990: Sakimoto et al., 2001; Plescia, 2003) (Figure 

3.5). These shields are up to 100 km in basal diameter but exhibit low topographic 

relief, usually standing < 100 m above the surrounding plains (Plescia, 2003). Sev

eral shields appear to lie on top of the Cerberus Fossae, suggesting that fissure 

eruptions contracted to point sources in those locations. MOC image ElO-04174 

shows a summit pit crater on a shield summit (Figure 3.15) near 4.8°N 158.0°E. 

The pit crater appears to postdate the surrounding surfaces, and no impact ejecta 

is visible, so we interpret this crater as a collapse feature. The pit crater sits in a 

larger circular depression, suggesting that the summit has undergone at least one 

complete episode of collapse, infilling (probably with lavas), and further collapse. 

Sakimoto et al. (2001) and Plescia (2003) suggest that shields formed as a result of 

eruptions with lower effusion rates or due to eruption of lavas with higher viscosi

ties than those of large lava flows, either due to compositional differences or from 

devolatilization of parent magmas prior to eruption. 

There may be numerous source vents for lavas which have not been recog

nized. In the southern Eastern Cerberus Plains near 1°S 163°E, a large lava flow 

appears to flow from the south. This large flow appears to overlie neighboring lava 

flows in the vicinity and does not appear to have an obvious source vent within the 

plains. Some of such "missing" vents may be infilled by lavas which were emplaced 

either at the end of or after the last eruption episode for that vent. Near 8.73°N 

164.01°E, MOC image £12-02405 shows that platy-ridged lavas nearly fill a Cer

berus Fossae fissure, thus indicating vents may be erased by overriding lava flows 

(Figure 3.16). 

The suite of observations flt the flood basalt interpretation for Cerberus 

Plains surfaces. However, several workers have suggested that similar-appearing 
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Figure 3.14: THEMIS daytime thermal infrared mosaic of Athabasca Valles. Note 
the presence of dark (relatively rocky and cold) flows trending through and parallel 
to Athabasca Valles which originate at the Cerberus Fossae. 
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Figure 3.15: a. MOC image ElO-04174 near 4.8°N 158.0°E of pit crater at summit 
of an Eastern Cerberus Plains shield. The scene is illuminated from the left. b. 
Context image for ElO-04174. 
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Figure 3.16; MOC image £12-02405 near 8.7°N 163.7°E of portion of Cerberus 
Fossae. Note that platy-ridged lavas have filled one splay of the Cerberus Fossae. 
The scene is illuminated from the left. 
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platy-ridged surfaces with Kasei Valles on Mars may be rnudflow deposits (Wilhams 

and Malin, 2004), perhaps once compressed by presently sublimated ice sheets (Rice 

et al., 2002) or scoured by iceberg keels (Woodworth-Lynas and Guigne, 2003). Like 

lavas, mud Rows tend to fill in topographically low regions and may terminate in 

flow lobes. Woodworth-Lynas and Guigne (2003) suggested that wakes observed 

on platy-ridged surfaces are actually scour marks from iceberg keels scrapping the 

bottom of a fluvial channel. However, the margins of platy-ridged surfaces of the 

Cerberus Plains exhibit inflated surfaces. The inverted topography is indicative 

of a solid or semi-solid crust during inflation from below by a fluid, a process not 

observed in known terrestrial mudflows or fluvial processes. For this reason, and 

because volcanic vents in the Cerberus Plains and close analogs in Iceland have 

been identified, the conclusions of this work disagree with workers who argue for a 

fluvial origin for the platy-ridged surfaces of the Cerberus Plains. 

3.5.2 Possible Pyroclastic Deposits 

Surfaces exhibiting subparallel, overlapping ridges correspond to units mapped as 

the Medusae Fossae Formation. MOC image M19-00718 of the northern margin of 

the Medusae Fossae Formation shows yardangs (ridges formed by eolian erosion), 

overlying pristine platy-ridged lavas (Figure 3.11). Such yardangs are observed 

in high-resolution images of much of the Medusae Fossae Formation (Figure 3.7). 

The lavas exhumed from beneath the Medusae Fossae Formation exhibit pristine 

morphologies at MOC image scales, indicating that the process removing material 

from the overlying Medusae Fossae Formation does not easily erode lavas. Radar 

backscatter values from these units are significantly depressed over the average from 

the study region, indicating the materials are low in density and homogenous (Table 

3.1). 

The Medusae Fossae Formation is comprised of massive friable materials 
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which extend (discontinuously) from the southern margins of the Western Cerberus 

Plains eastward to Tharsis north of the dichotomy boundary (Scott and Tanaka, 

1982). Early workers identified several stratigraphic members of the Medusae Fossae 

Formation (Scott and Tanaka, 1982) and suggested that such members were com

mon throughout the entire formation. However, subsequent workers using MOLA 

derived topographic maps showed that such members may not extend formation-

wide and instead reflect more localized depositional environments (Bradley et al., 

2002). The maximum elevation of the Medusae Fossae Formation rises more than 

a kilometer over that of the Cerberus Plains. 

The Medusae Fossae Formation has been proposed to be paleopolar de

posits (Schultz and Lutz, 1988), eolian materials deposited during periods of high 

obliquity (Head et al., 2003), ash flow deposits (Scott and Tanaka, 1982), and vol

canic airfall deposits (Malin, 1979; Keszthelyi et al., 2000; Bradley et al., 2002). 

The paleopolar hypothesis has been questioned because measurements of Medusae 

Fossae trough widths do not match those of polar deposits (Bradley et al., 2002). 

Additionally, the deposits are laid on top of lavas that appear pristine. For such a 

deposit to be formed by paleopolar deposits, one would have to call on polar wan

der such that present-day equatorial regions were located at the poles in the recent 

past. Head et al. (2003) suggests eolian materials could be deposited as they are 

transported upslope across the global dichotomy boundary. However, mapping by 

Scott and Tanaka (1982) and Bradley et al. (2002) shows that the Medusae Fossae 

Formation is largely confined to Tharsis, Amazonis, and Cerberus and does not 

extend across the entire dichotomy boiuidary. Medusae Fossae Formation deposits 

have also been mapped as being draped over the underlying topography rather than 

being concentrated in lows, so an origin through deposition of ash flows materials 

is discounted (Bradley et al., 2002). A possible terrestrial analog consistent with 

these observations is reticulite deposits, which are massive, low-density airfall de

posits produced by effusive Hawaiian eruptions (Keszthelyi et al., 2000). Reticulite 
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is composed of >99% pore space, so it would be an ideal radar absorbing material. 

The source of the Medusae Fossae Formation is unclear. The Medusae 

Fossae Formation is not associated with any obvious Cerberus Plains vent. Such 

vents may be buried by lavas or Medusae Fossae Formation deposits, or such de

posits may have been transported from their eruptive vents. However, the lack 

of observed Medusae Fossae Formation deposits near known eruptive vents in the 

Cerberus Plains challenges the hypothesis that the Medusae Fossae Formation rep

resents airfall deposits from Cerberus volcanism as one would expect the thickest 

deposits to occur closer to the eruptive vents. 

Surfaces exhibiting mantles of fine grained materials are scattered through

out the study area but generally lie near the Cerberus Fossae, in knobby and cratered 

terrains, and within the Medusae Fossae Formation. The distribution of radar 

backscatter values of these mantled surfaces yields a large standard deviation. This 

may be due to volume scattering (or lack thereof) in mantled units. Deep mantling 

deposits may absorb radar signals, while thin mantling deposits may allow radar 

signals to scatter off of underlying surfaces. The occurrence of mantled terrains 

within knobby terrains and near the Medusae Fossae formation may be due to the 

erosion of surrounding units. However, mantled terrains also occur close to the 

Cerberus Fossae, so these may be pyroclastic deposits from eruptions. However, 

deposition of dust entrained in the atmosphere cannot be ruled out. 

3.6 Stratigraphic Relationships of Cerberus Plains Lavas with Sur-

roundiiig Terrains 

Cerberus Plains lavas clearly embay ridged plains, hackly terrains, and high

land remnants. The stratigraphic relationships of Cerberus Plains lavas with the 

Medusae Fossae Formation and the channel systems in the region are more complex 

as described below. 
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3.6.1 Medusae Fossae Formation 

The stratigraphic relationships between the Medusae Fossae Formation and Cer

berus Plains lavas are complex. For example, MOC image M19-00718 shows that, 

~ 200 km south of Athabasca Valles, the Medusae Fossae Formation clearly over

lies nearly pristine platy-ridged lavas (Figure 3.11). However, lava surfaces appear 

to embay the Medusae Fossae Formation in the extreme southern portions of the 

Western Cerberus Plains (Figure 3.17). Further to the south of the embayed surface 

is the boundary between the Medusae Fossae Formation and lavas (Figure 3.17b). 

The precise contact between the two units is difficult to discern in this image. How

ever, the trend of remnants of yardangs is parallel to the trend of incisions in the 

embayed surface in Figure 3.17a. Since these units appear to have weathered in 

a similar fashion, we suggest that the embayed surface is actually a part of the 

Medusae Fossae Formation observed in Figure 3.17b. 

3.6.2 Channels and Valles 

In addition to units described above, streamlined forms, longitudinal grooves, 

anastomosing channels, and cone clusters have been identified in MOC images of 

Athabasca Valles and Marte Valles (Lanagan et al., 2001a; Burr et al., 2002; Berman 

and Hartmann, 2002; Plescia, 2003). Railway Valles, a network of dendritic depres

sions, lies to the southwest of the mouth of Marte Valles. Additionally, THEMIS 

images have verified Plescia's 2003 hypothesis that a channel breached the ridge 

dividing the Western Cerberus Plains and Eastern Cerberus Plains. The morpholo

gies of Athabasca Valles and Marte Valles have been described in detail by Burr 

et al. (2002). The stratigraphic relationships between these channel systems and 

the surrounding flood lavas are discussed below. 
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Figure 3.17: a. MOC image M07-02180. The scene is illuminated from the left. 
Image a shows a lava surface embaying an eroded, layered surface, b. Context 
image for a. Arrows point out a splay of the Medusae Fossae Formation. RP; 
Ridged plains. MFF: Medusae Fossae Formation. WCP: Western Cerberus Plains. 



65 

3.6.2.1 Athabasca Valles 

Athabasca Valles, located in the northeastern portion of the Western Cerberus 

Plains, extends to the southwest from Cerberus Fossae (Figure 3.18). The main 

channel is bounded along its southern margin by a wrinkle ridge and contains 

streamlined landforms. Athabasca Valles fluvial episodes appear to be coincident 

in time with Western Cerberus Plains volcanism. Platy-ridged lavas embay the 

mouth of Athabasca Valles (Figure 3.19a), while a distributary channel overtopping 

a wrinkle ridge cuts through an otherwise pristine lava flow (Figure 3.19b). 

On the floor of Athabasca Valles are low-profile cones with basal diameters 

less than 100 m. These cones are observed in chains (Figure 3.19c) and on the up

stream end of wakes. Clusters of apparently unmodified cones sit on top of platy-

ridged lavas which embay the mouth of Athabasca Valles (Figure 3.19d). Based 

upon Icelandic analogs, Lanagan et al. (2001a) proposed that many of the small 

cones in the vicinity of Athabasca Valles are rootless cones formed by phreatomag-

matic explosions due to interactions between groundwater and surface lavas. Unlike 

cinder cones, these cones are located in basins or in close association with fluvial 

channels, not with recognized volcanic vents. Burr et al. (2002) interpreted cones 

with wakes within Athabasca Valles as rootless cones that were subsequently eroded 

by floodwaters and, in some cases, embayed by lavas. Jaeger et al. (2003) suggested 

that some of the low-profile cones in Athabasca Valles may be ring dikes which 

may have formed due to steam explosions fracturing cooling columnar lava flows. 

Because these processes require groundwater or ice in the shallow crust and since 

water and ice are currently thermodynamically unstable in Mars equatorial regions, 

then the lavas upon which the cones sit may have been emplaced soon after a fluvial 

outflow event. 
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Figure 3.18: Shaded relief map of Athabasca Valles. Letters indicate locations of 
images in Fig. 3.19. 
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Figure 3.19: MOC Images in Athabasca Valles. All images are illuininated from the 
left. a. Image M23-01259 showing platy-ridged lavas embaying streamlined island, 
b. Image Ml5-01822 showing an Athabascan distributary channel cutting pristine 
(uncratered) lavas, c. Image Ml 1-00331 showing low profile cratered cones aligned 
in chains (white arrows) and associated with wakes (black arrow) on the floor of 
Athabasca Valles. d. Image ElO-00998 showing cones sitting on platy-ridged lavas 
at mouth of Athabasca Valles. 
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3.6.2.2 Eastern Cerberus Plains /Western Cerberus Plains Breach 

Based on MOLA-derived maps, Plescia (2003) proposed that a breach in the to

pographic ridge which divides the Western Cerberus Plains and Eastern Cerberus 

Plains may have been a spillway for water from Athabasca Valles outflow events 

(Figure 3.20). MOC image R05-01866 shows platy-ridged lavas both on the floor 

of the channel and on the tops of streamlined mesas within the channel (Figure 

3.21). Evidence that the breach cuts through Cerberus Plains lavas is ambigu

ous. Although the walls of the channel and streamlined islands are sharp in some 

locations, apparently indicating erosion of lavas, they are muted in others thus indi

cating lavas flowed over those scarps. However, the presence of platy-ridged surfaces 

on the channel floor clearly shows that lavas postdate the flood which scoured the 

channel floor. 

3.6.2.3 Railway Valles 

Several workers (Head and Kreslavsky, 2001; Burr et al., 2002; Fuller and Head, 

2002; Plescia, 2003) have commented upon dendritic depressions north of the prox

imal regions of Marte Valles, provisionally named Rah way Valles (Plescia, 2003) 

(Figure 3.22). These depressions are approximately several kilometers wide and 

about 20 in deep. The depressions and the surrounding plains are embayed by 

Eastern Cerberus Plains lavas. MOC image M03-05317 shows no evidence of lon

gitudinal grooves or streamlined islands on the valles floor (Figure 3.23). Instead, 

this portion of the valles is composed of two shallow flssures cut into a platy-ridged 

surface. The lack of obvious meter-scale fluvial features suggest the channels have 

been filled, likely by lavas. 
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Figure 3.20: Shaded relief map of channels through the ridge which divides the 
western Cerberus Plains from the eastern Cerberus Plains. The white box shows 
the region covered by Fig. 3.21. 
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Figure 3.21: MOC image RG5-01866 near 3.1°N 154.9°E of a portion of the channel 
that connects the Western Cerberus Plains to the Eastern Cerberus Plains. The 
scene is illuminated from the left. Platy-ridged lavas surface both the both the 
channel floor and streamlined landforms. 
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Figure 3.22: Shaded relief map of the dendrit ic/rectihnear channels of Rahway 
Valles (indicated by black arrows). 
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Figure 3.23: MOC image M03-05317 of a portion of Rahway Valles near 9.1°N 
175.7°E. The scene is illuminated from the left. 



3.6.2.4 Marte Valles 

Traces of streamlined forms with elevations only a few meters higher than the 

surrounding terrains appear to emanate from a trace of the Cerberus Fossae at 

the apparent head of Marte Valles (Burr et al, 2002; Plescia, 2003) (Figure 3.24). 

Within Marte Valles lie large streamlined land forms, which often have knobs or 

craters on the upslope side, with lengths between several kilometers to about a 

hundred kilometers. The Marte Valles channel system is approximately 1200 km 

long and 50-100 km wide, and is generally oriented subparallel to the trend of 

wrinkle ridges in this region. The floor of Marte Valles lies ~ 30 m below the 

elevation of the banks and slopes downward with gradients of ~ 0.3 m/km to the 

northeast. In Marte Valles, anastomosing channels and streamlined islands are 

embayed by platy-ridged lavas, indicating that some Cerberus Plains flood lavas 

were emplaced after the last major Marte Valles flood (Figure 3.25). 

3.7 Crater Densities of Large Lava Flows 

As discussed above, previous workers have interpreted Cerberus Plains surfaces as 

being geologically young, between <10 Ma and ~ 100 Ma (Hartmann and Berman, 

2000; Berman and Hartmann, 2002; Burr et al., 2002). Due to sparse high-resolution 

imaging coverage over this region, superposition relationships cannot be used to 

distinguish the relative ages of the two regions of the Cerberus Plains. Below, 

model age estimates of flows of the Cerberus Plains are derived using impact crater 

size-frequency statistics of both small (diameters < 500 m) and large (diameters 

> 500 m) impact craters. Many shortcomings exist with methods for the derivation 

of absolute and even relative ages from crater statistics, so these model ages should 

be considered as measurements of crater densities relative to an expected production 

fimctioii rather than absolute ages. 



74 

170* 180" W 

Figure 3.24: Shaded relief map of Marte Valles showing the location of Rahway 
Valles (RV) and the Cerberus Fossae (CF). The label "a" indicates the location of 
Fig. 3.25. 
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Figure 3.25: MOC image SP2-40703 near 11.8°N 182.2°E. The scene is illuminated 
from the left. Platy-ridged lavas embay this portion of the floor of Marte Valles. 
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3.7.1 Statistics of Small Craters 

Because the number of craters produced per given time per given area increases with 

decreasing crater diameter, small craters are potentially useful for dating small areas 

(e.g. Hartmann, 1999). Based upon estimates of the crater production function 

of the Lunar Mare and upon the assumption that the martian crater production 

function will scale nearly linearly to the lunar production function, Hartmann (1999) 

derived isochrons for crater diameters down to 16 m. Subsequent derivations of the 

martian crater production function account for the lower velocity distribution of 

martian impactors relative to lunar impactors and for the larger martian gravity 

relative to lunar gravity (Ivanov, 2001). 

Small crater size-frequency statistics were collected from MOC images of 

Cerberus lava flows in the Western Cerberus Plains, Eastern Cerberus Plains, and 

southwestern Amazonis Planitia. When possible, selected images are located on 

flow surfaces identifiable in MOLA-based shaded relief maps. Regions of images 

with obvious secondary craters (i.e., regions with obvious crater rays and regions 

with overlapping impact craters) are excluded from the area of interest. Similarly, 

lava flow surfaces mantled by enough dust or debris to disguise the morphology of 

the lavas (and thus deep enough to hide small craters) are excluded from this study. 

Impact craters which are embayed by lavas (and thus predate the flows) are not 

counted. 

In this study, the isochrons used are based on the Hartmann Production 

Function modified for Mars as presented by Ivanov (2001). The Hartmann Pro

duction Function is similar to the Neukum Production Function in this size range, 

so both functions would provide similar model ages Ivanov (2001). Model ages of 

the surfaces in Table 3.2 are derived by fitting the number of impact craters per 

square kilometer per diameter bin to the published isochrons via the method of 

least squares. Frequently, there is a "turn-down" in number of craters counted per 
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area at small diameters; this is likely due to image resolution limits combined with 

preferential erosion and burial of small craters. Consequently, the small crater-size 

bins within the "turn-down" region are eliminated from determination of the model 

age (i.e., model ages are determined from bins representing diameters larger than 

or equal to the diameter of the bin with the largest number of craters). Hartmann 

and Neukum (2001) estimate that absolute model ages derived from the Hartmann 

Production Function are accurate to within a factor of 2. 

Results of the counts of small craters are shown in Figures 3.26, 3.27, 3.28. 

and 3.29. Model ages for these surfaces, as derived by the method described above, 

are summarized in Table 3.2. Flows that extend into Amazonis Planitia have model 

ages of roughly 10-40 Ma (Figure 3.26; Table 3.2). The relative ages of the flows 

as determined from superposition (with API being relatively old, AP2 being of 

intermediate age, and AP3 being relatively young) coincide with the trend in model 

ages (Figure 3.26). These lavas apparently flowed through Marte Valles after being 

erupted from the Cerberus region, so the lavas in Marte Valles should be the same 

age or younger (and hence have similar or lower crater densities) as the flows that 

extend into Amazonis Planitia. However, crater densities of flows in Marte Valles 

determined by Burr et al. (2002) are 3-4 times greater than those of the youngest 

Amazonis lavas (surface AP3). This inconsistency may be due to the presence of 

more secondary craters within Marte Valles t han the Amazonis flows. 

Within the Eastern Cerberus Plains, regions counted yield model ages of 

1.8-29 Ma, with most of the regions having model ages older than 10 Ma (Figures 

3.27, 3.28; Table 3.2). From superposition, these flows are presumably younger 

than the flows that extend into Amazonis Planitia; however, the model ages of the 

Eastern Cerberus Plains flows and those of the southwestern Amazonis Planitia 

flows overlap. Indeed the apparently youngest Amazonis Planitia flow considered 

(AP3) has a model age less than one-third of that of the apparently oldest Eastern 

Cerberus Plains surface (NE2). Within the Eastern Cerberus Plains, surfaces SEl 
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Table 3.2: Small crater statistics and model ages for surfaces within the Cerberus 
Plains. 

Region MOC Image 
Image 

Center 
Latitude 

Center 
Longitude" 

Resolution 
(m/pixel) 

Area 
(km^) 

Model 
Age 
(Ma) 

Amazonis 
Planitia 

API E02-01104 24.36 194.28 4.5 40.8 44 
AP2 E18-01680'' 27.25 190.52 11.1 83.5 9.9 
AP3 M03-03958 24.89 188.33 3.0 41.3 9.0 

Eastern 
Cerberus 

Plains 
NEl £03-00275 2.96 164.60 4.4 19.97 22 
NE2 M07-02167^ 5.21 173.77 5.8 72.7 29 
NE3 MlO-02407'^ 4.45 170.70 8.7 31.47 13 
NE4 M21-0013r 7.49 157.39 5.9 67.55 4.8 
SEl M23-01079 -0.92 162.69 5.8 123.46 12 
SE2 M23-00066 -3.03 163.38 4.3 22.27 1.8 

Western 
Cerberus 

Plains 
WCPl M03-02794 5.55 149.00 5.8 166.88 0.92 
WCP2 M04-04121 6.47 147.52 5.8 233.66 3.0 

"Longitudes in east-positive convention 
^Region outside crater rim 
"^Southern flow in image 
''Flow surface south of knob 
^Southern flow in image 
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Figure 3.26: Summary of small crater counts for flow surfaces in southwestern 
Amazonis Planitia. Locations upon which craters were counted are indicated by 
labeled arrows on the shaded relief map. The margins of major lava flows are 
outlined in black. Note that the regions indicated by AP2 lie on the outside of the 
large crater rim. 
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Figure 3.27; Summary of small crater counts for flow surfaces in the Eastern Cer
berus Plains. Locations upon which craters were counted are indicated by labelled 
arrows on the shaded relief map. The margins of major lava flows are outlined in 
black. 
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Figure 3.28: Summary of small crater counts for flow surfaces in the Eastern Cer
berus Plains. Locations upon which craters were counted are indicated by labelled 
arrows on the shaded relief map in Figure 3.27. The margins of major lava flows 
are outlined in black. 
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Figure 3.29: Summary of small crater counts for flow surfaces in the Western Cer
berus Plains. Locations upon which craters were counted are indicated by labelled 
arrows on the shaded relief map. Lava flows are not outlined in this region as their 
margins within the Western Cerberus Plains basin are too subtle to recognize in 
the shaded relief map. 
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and SE2, mapped as occurring on the same flow as determined from MOLA shaded 

relief maps, exhibit nearly a factor of seven difference in model ages. Either SEl 

and SE2 are actually surfaces on two different lava flows which do not have a sharp 

elevation boundary between them and are thus not distinguished as separate flows, 

or statistics derived from region SEl incorporate secondary craters. Surface NE4, 

which is located on a flow near the Western Cerberus Plains/Eastern Cerberus 

Plains divide, yields a model age of 4.8 Ma, which is approximately a sixth of the 

model age of NE2. 

Individual flow units in the Western Cerberus Plains south of Athabasca 

Valles are not identifiable on the shaded relief map, so superposition relationships 

cannot be determined for surfaces WCPl and WCP2 (Figure 3.29). Model ages for 

these surfaces are much lower than those of most Eastern Cerberus Plains surfaces 

counted, suggesting that the Western Cerberus Plains are generally younger than 

the Eastern Cerberus Plains (Table 3.2). However, the size-frequency curves for the 

Western Cerberus Plains crater counts do not converge upon an isochron for either 

of the surfaces sampled (Figure 3.29). 

In general, model ages derived from small crater counts indicate that West

ern Cerberus Plains surfaces are no older than several million years and postdate 

many, but possibly not all. Eastern Cerberus Plains flows. However, several pro

cesses complicate the derivation of model ages from statistics of small craters. The 

derivation of siirface ages from the statistics of small craters may provide erroneous 

ages for several reasons: there may be errors in the assumptions used to derive the 

martian crater production function from the lunar mare crater production function; 

large portions of Cerberus Plains lava surfaces may have been exhumed from be

neath overlying deposits; and, finally, the effects of secondary cratering may not 

have been fully accounted for in either the martian isochrons for small craters or 

in the lunar mare crater production function upon which the martian isochrons are 

based. 
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There may be several systematic errors in the derivation of isochrons used 

in this work. Martian isochrons are derived by assuming that martiari impactors 

belong to the same population as Moon-Earth impactors. The ratio of martian 

impactors to lunar impactors of the same mass is referred to as the RboUde value. 

RboUde is assumed to be about 2.0 (Hartmann and Neukum, 2001), and various 

workers ascribe an error of a factor of 2 to that value (Hartmann and Neukum, 

2001; Ivanov, 2001). This means that model ages derived from these isochrons may 

similarly have errors of a factor of 2. 

Malin and Edgett (2000) have shown that some martian surfaces have been 

exhumed and suggest that the method of crater counting to date surfaces provides 

surface exposure ages rather than absolute formation ages. Parts of the Medusae 

Fossae Formation override pristine Cerberus Plains lavas, so crater counts on those 

lava surfaces may underestimate the actual age of the lavas. Estimated volumes 

and areas for portions of the Medusae Fossae Formation bordering the Western 

Cerberus Plains determined by Bradley et al. (2002) yield average depths of 230^ 

550 m. Figure 3.2 indicates the highest points of the Medusae Fossae Formation lies 

> 1000 rn over the Western Cerberus Plains. Such a thick deposit would effectively 

shield underlying surfaces underlying from all craters of diameters plotted in Figures 

3.26, 3.27, 3.28, and 3.29. However. Burr et al. (2002) discount the significance of 

this effect by pointing out that if the Medusae Fossae Formation were to have been 

emplaced early in martian history and gradually stripped away, then one would 

expect the average model ages of those lavas to be no more than a factor of two less 

than the actual age. The only scenario with which the Medusae Fossae Formation 

may significantly alter the apparent age of the lavas is the special case in which 

the Medusae Fossae Formation is deposited over the lavas shortly after they were 

emplaced and stripped off the lavas in the very recent past. 

The derivation of model ages from statistics of small craters is further 

complicated by the production of secondary craters produced by primary impacts. 
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(McEwen et al, 2003a) identified a fresh lO-kin crater with rays of secondary craters 

with lengths >800 km which stretch across the Cerberus Plains. These distant sec

ondaries are fairly circular and widespread, easily confused with primary craters. 

Additionally, as (McEwen et al., 2003a) point out, distant secondary craters may 

have been counted in the original lunar mare studies, thus isochrons used by (Hart-

man n and Neukum, 2001) may have incorporated secondary craters and the derived 

isochrons for Mars may be suspect. To complicate matters further, Head et al. 

(2002) have shown that the number of secondaries produced by an impact depends 

upon the strength of the impacted surface. Impacts into older surfaces, which have 

likely undergone impact gardening and are weaker than younger surfaces, would 

produce less ejecta than impacts into young, competent siu-faces. As a result, there 

is a spatial variability in the production of secondary craters that is dependent 

upon the age of the target surface. Given the pristine nature of lavas within the 

Cerberus Plains, an impact into Cerberus Plains volcanics might produce many 

more secondary craters than an impact into impact-gardened, older surfaces. 

What are the effects of secondary craters on derived model ages of surfaces? 

If the isochrons are valid for small-diameter-craters (e.g. the production function for 

lunar and martian secondary craters scales by the RboUde value), then the isochrons 

for Mars published by Ivanov (2001) could be used with no modification. However, 

as outlined by McEwen et al. (submitted), the production function for small sec

ondary craters is not likely to scale linearly between the moon and Mars. First, 

there are likely more young (competent) surfaces on Mars than on the moon from 

which a primary impact could generate more secondaries Head et al. (2002). If this 

were the only effect which altered the production function for < 500-km-diameter 

craters, then derived model ages for martian lavas would overestimate the ages of 

the lavas due to a relative excess of martian secondary craters compared to lunar 

secondary craters. However, the surface gravity of Mars is approximately twice that 

of the moon, so, for impacts of comparable energies, more ejecta could be ejected 
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off the moon than Mars. Similarly, ejecta from primary impacts on Mars would 

be more energetic than analogous ejecta on the moon, so a greater quantity of sec

ondary craters would be expected on Mars than the moon for a given crater-size 

range. Again, without taking impact velocities into account, derived model ages 

from counts of < 500-km-diameter craters on martian surfaces would yield erro

neously high model ages. Conversely, the secondary crater production function for 

Mars may be skewed downward due to the screening effects of the martian atmo

sphere which would slow ballistic ejecta, thus reducing martian secondary impact 

energies and yielding smaller craters. Until the effects of these processes can be de

termined for Mars, model ages from size-frequency statistics of craters of diameters 

< 500 m are suspect. 

3.7,2 Statistics of Large Craters 

Since the derivation of surface ages from small crater statistics is currently contro

versial, statistics of large craters (craters with diameters >500 m) were compiled 

from surfaces in southwestern AP, the Eastern Cerberus Plains, and the Western 

Cerberus Plains. There are advantages to constraining surface ages through statis

tics of large craters. First, it is likely that the bulk of craters in this size range are 

primaries and not secondaries since secondaries generally have diameters smaller 

than 5% that of the primary crater (Melosh et al., 1989). For example, a 5-km-

diameter secondary crater would be produced by a primary crater with a diameter 

of at least 100 km, which would statistically occur planet-wide only once every 

0.5^1 Gy, but the great majority of secondaries of such impacts would be 1 km or 

smaller. Secondly, large craters are less likely to be eradicated by geologic processes 

such as dust mantling or erosion (Hartmann and Berman, 2000). 

THEMIS da5rtime IR images were examined for impact craters of diameters 

>500 m superimposed on surfaces within the Western Cerberus Plains, Eastern 
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Cerberus Plains, and southwestern A P. Impact craters which are obviously embayed 

or filled by lavas were not counted. The results of large crater counts are listed 

in Table 3.3. Statistically, the model ages for Western Cerberus Plains, Eastern 

Cerberus Plains, and southwestern AP lavas lie on top of each other. The bulk model 

age for lavas within the southwestern AP (180±57 Ma) overlaps that of Eastern 

Cerberus Plains lavas, which have a bulk model age of 130±37 Ma. The Western 

Cerberus Plains bulk model age of 81 ±47 Ma is also statistically indistinguishable 

from that of Eastern Cerberus Plains surfaces. Western Cerberus Plains craters 

interpreted to lie on top of lavas are located along the western margin of the Western 

Cerberus Plains flows in THEMIS image 102379003; the other two THEMIS images 

which cover the Western Cerberus Plains show no superimposed impact craters. 

Note that the model ages derived from large craters are at least an order of 

magnitude larger than model ages derived from small craters. This may be due to 

the method of deriving a bulk age for surfaces of varying ages in the counting region, 

some of which may be relatively young while others are older. The larger model ages 

derived from large craters may also be due to the inclusion of impact craters which 

appear to be superimposed on the surface but may actually be embayed by younger 

thin lava flows. Tlie inclusion of such embayed craters in the statistics would fold 

the age of the surface underlying the lavas into the calculated model age. While the 

embayment relationships between lavas and large (diameters > 2 km) craters are 

often apparent, such is not the case with 500-m-diameter craters which, in THEMIS 

infrared images, are only 5 pixels across. 

As it is difficult to determine superposition relationships of impact craters 

and lavas with 100 m THEMIS images, MOC images covering an area of ^ 6600 kra^ 

of the Western Cerberus Plains south and southwest of the mouth of Athabasca 

Valles were surveyed to determine if it was likely that superimposed large craters 

were excluded from the THEMIS counts. Of 51 impact craters with diameters 

> 500 m observed in MOC images, all were either embayed or filled by lavas. 
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Table 3.3: Number density of >500-m diameter craters superimposed on Cerberus 
Plains lavas. 

THEMIS Number of craters Area Number/Area Bulk 
Image with diameters >500 rn (10^ km^) (lO^Vkm^) Model Age 

(Ma) 
Western 
Cerberus 

Plains 
102379003 3 4.98 6.02±3.48 190±110 
102354002 0 2.15 O.OOiO.OO 0±0 
101530010 0 4.72 O.OOiO.OO 0±0 

Total 3 11.9 2.52±1.46 81±47 

Eastern 
Cerberus 

Plains 
101692015 4 12.7 3.15±1.57 100±51 
101904009 8 17.5 4.57±1.62 150±52 

Total 12 30.2 3.97±1.15 130±37 

Amazonis 
Planitia 

(Cerberus Lavas) 
102053002 4 8.75 4.57±2.29 150±74 
102490005 2 2.87 6.96±4.92 220±160 
102515005 4 6.33 6.32+3.16 200±100 

Total 10 18.0 5.56±1.76 180±57 
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Only one significantly large crater with a diameter of ~ 470 m (which might be 

interpreted as a oOO-rn impact crater in 100 m/pixel THEMIS IR images) was 

noted to be superimposed on the lavas. It is expected that one impact crater of 

diameter > 500 m would be produced over the region covered by MOC images 

within 49 My. If the region covered by MOC images were representative of the 

Western Cerberus Plains, then these surfaces would be (on average) no older than 

49 Ma, which overlaps with the bulk age of surfaces in the Western Cerberus Plains 

as presented in Table 3.3. 

3.8 Discussion 

3.8.1 Geologic History of the Cerberus Plains 

I suggest that some features of the Cerberus Plains were emplaced in the geologically 

recent past, possibly within the last 49 Ma on the basis of the lack of large craters 

identified in MOC images of the Western Cerberus Plains. On the basis of small 

crater counts, some lava surfaces may be younger than 1 Ma; however, such model 

age determinations are suspect due to our current limited understanding of the mar-

tian crater production function for craters of diameters < 1 km. Volcanic eruptions. 

Medusae Fossae deposition, and fluvial events were likely coincident (within a few 

Ma) with each other. Several generalizations may be made regarding the geologic 

history of the Cerberus Plains. Below, we outline a possible sequence of events for 

the Cerberus Plains during the late Amazonian. 

The region covered by the present-day Cerberus Plains volcanics was likely 

covered with units currently observed along the margins of the Cerberus Plains; 

wrinkle ridges, highland remnants, and, in the Eastern Cerberus Plains, disrupted 

terrains. Flood lavas, possibly from the Cerberus Fossae, began to fill this terrain. It 

is possible that early fluvial outflow events carved the channels of Railway Valles and 
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possibly Marte Valles at this time, Volcanism continued, and flood lavas partially 

filled the channels of Rah way Valles. 

The last major aqueous flood through Marte Valles, possibly fed by release 

of water from the Cerberus Fossae (Tanaka and Scott, 1986: Burr et al., 2002), 

cut into preexisting flood lavas. Eastern Cerberus Plains flood lavas, erupted from 

the Cerberus Fossae, flowed through Marte Valles and extended into Amazonis 

Planitia. Shields in the Eastern Cerberus Plains formed, possibly by eruptions with 

low effusion rates; many of these shields were embayed by more recent flood lavas. 

It is impossible to determine whether the first Athabasca Valles fluvial event 

preceded or followed the first volcanism in the Western Cerberus Plains; however, 

as pristine lava flows are both superimposed over and cut by Athabasca Valles, 

the fluvial events appear interleaved in time with Western Cerberus Plains volcanic 

events. Since Western Cerberus Plains lavas embay the mouth of Athabasca Valles, 

it is clear that Western Cerberus Plains volcanism postdates the last significant 

Athabasca fluvial event. The presence of possible rootless cones at the mouth of 

Athabasca Valles suggests that volcanism occurred soon after the last Athabasca 

Valles fluvial event. If the breach in the topographic divide described above is part 

of the Athabasca fluvial system, then Athabasca fluvial events as well as West

ern Cerberus Plains volcanic events were also contemporaneous with some of the 

youngest Eastern Cerberus Plains volcanism. 

The various members of the Medusae Fossae Formation also appear to 

interflnger with Western Cerberus Plains volcanics, suggesting that both Western 

Cerberus Plains volcanism and Medusae Fossae Formation deposition are coincident 

in time. The youngest lobe of the Medusae Fossae Formation overlies the (appar

ently) youngest Western Cerberus Plains lavas, so the last depositional episode of 

the Medusae Fossae Formation postdates the latest Western Cerberus Plains flood 

lava emplacement. Such an overlap in the emplacement of lavas and Medusae Fossae 
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Formation materials lends support to the idea that they are genetically linked and 

that the Medusae Fossae Formation could be pyroclastic deposits from Cerberus 

volcanism. 

3.8.2 Volume Estimates for Volcanics 

The area covered by Western Cerberus Plains lava flows is approximately 1.72 x 

10® krn^. The area covered by Post Marte Valles lavas in the Eastern Cerberus 

Plains is approximately 9.30 x 10® km^. The total area of the Cerberus Plains lavas 

which postdate the last Marte Valles fluvial episode is 1.10x10® km^. Identifiable 

individual flows vary widely in area, from several small flow lobes in the vicinity of 

the Cerberus Fossae with an area of 2 km^ (Figure 3.12) to a large flow (NE2) 

of which terminates near the proximal end of Marte Valles with a minimum area of 

- 7.2x10^ km^. 

Lower bounds on the thicknesses of individual lava flows may be obtained 

through flow front height measurements. While flow front heights are not necessar

ily representative of the thicknesses of the entire lava flow, they may provide lower 

bounds. Upper bounds on lava flow thicknesses may be obtained from an examina

tion of craters embayed by lavas. If the rim of the embayed crater is visible, then 

it is likely that the crater is embayed to a depth no deeper than the height of the 

rim above the original terrain. Factors such as erosion of crater rim materials and 

deposition of sediments around the crater make this technique approximate. In this 

study, I use the diameter-rirn height relationships derived by Garvin et al. (2003): 

h = < 

.31 0.04D" 

0.02D°-®^ 

D < 7 

7  < D <  100 (3.1) 

D > 100 

where D  is the crater diameter in kilometers and h  is the predicted crater rim height 

in kilometers. 
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In the Western Cerberus Plains, there are few recognizable flow fronts. A 

low region bounded by ridges which may represent the former floor of the Western 

Cerberus Plains before infilling by lavas lies ~ 30 m below the elevation of the lava 

surfaces, suggesting that the lavas are ~ 30 m thick in that location. Most craters 

500 m in diameter in this region are embayed and their rims are not overtopped 

by lavas, suggesting that lavas flows in this region are no more than ~ 30 m deep. 

Wrinkle ridges with heights of 90 m disappear under the embaying lavas, so 

the stack of Western Cerberus Plains lavas may exceed 90 m thickness in some 

places. Thermal modelling of the emplacement of long ultramafic, basaltic, and 

basaltic andesitic insulated sheet lava flows by Keszthelyi et al. (2000) indicates that 

individual flows must range in thickness from 24 to 70 meters. More specifically, such 

modelling indicates that long basaltic insulated sheet flows should have thicknesses 

of 27-32 m (Keszthelyi et al., 2000). A minimum of three 30-m-deep lava flows 

could explain both the burial of ridges and the presence of embayed 500-m-craters 

within the Western Cerberus Plains. 

In the Eastern Cerberus Plains, individual flow fronts range in heights be

tween 20--40 m. In the central locations of the Eastern Cerberus Plains, lavas of 

surfaces NEl and NE2 embay and partially fill an 88-km diameter impact crater 

centered at 2.96°N 164.28°E which would be expected to have a rim height of 860 

m. The crater rim appears to be eroded and portions stand ~ 500 m above the sur

rounding lava plains in places, so the calculated expected rim height of this crater 

overestimates the thicknesses of lavas in this locale. Smaller impact craters in the 

Eastern Cerberus Plains are also embayed by lavas. An embayed 22-km-diameter 

crater near 4.95°N 173.15°E would have an expected rim height (and maximum lava 

thickness) of 270 m. Lavas also embay a 15-km-diameter impact crater near 0.86°N 

160.46°E, so lavas in that location should be no thicker than the expected rim height 

of 200 m. 

In western Amazonis Planitia, flow fronts are also 20-40 m tall. A 48 km 
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diameter crater centered at 26.9°X 190.69°E, which is embayed and partially filled 

by the platy-ridged lavas of surface AP2, would liave an expected rim height of 

520 m, so the package of lavas in that location would be expected to be no deeper 

than 520 m. Lavas of surface AP3 embay a 9.3-km diameter crater near 24.23°N 

194.41°E, so the stack of lavas in that location would likely be no thicker than 130 rn. 

Plescia (1990, 1993) estimated that the average thickness of the stack of 

Eastern Cerberus Plains volcanics is approximately 200 m. Plescia (1990, 1993) 

argued that since lavas embay highland remnants with relief of roughly 300-400 m, 

they likely cover those terrains in the center of the Cerberus Plains. Lava flow 

thicknesses derived from crater diameter measurements agree to within an order of 

magnitude. However, as the older lavas in the Cerberus Plains may predate the 

formation of Marte Valles, the calculated volumes of Plescia (1990, 1993) should 

exceed the depth of lava flows which postdate the last significant Marte Valles fluvial 

event. 

Assuming thicknesses of younger Western Cerberus Plains lavas range be

tween 30-90 m, likely volumes for Western Cerberus Plains lavas range between 

5.2 X 10^-1.5 X 10^ km^. Assuming thicknesses of Eastern Cerberus Plains lava 

flows which postdate the last Marte Valles fluvial episode are between 20 rn and 

200 m, the likely volumes for Eastern Cerberus Plains lavas range between 1.9 x 10"' 

1.9 X 10® km'\ The total volumes of post-Marte-Valles lavas in the Cerberus Plains 

would range between 2.4 x 10^-2.1 x 10® km®. 

By dividing the calculated volumes above by the approximate volume of 

one of the larger lava flows, one can calculate the minimum number of lava flows 

required to fill the Cerberus Plains to its current volume of post-Marte-Valles lavas. 

Assuming individual flow thicknesses of 25 m, a 72000 km^ flow (which corresponds 

to surface NE2 which is ~ 1200 km long and ~ 60 km wide) would have a volume 

of 1800 km^. About 13 to 111 such flows would be required to fill the Cerberus 
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Plains to volumes described above. However, as this flow volume applies to one of 

the larger identified flows and since many smaller flows are visible, these estimates 

likely understate the total number of flows in the Cerberus Plains. 

3,8.3 Time to Emplace Volcanic Fields 

Lavas of the Cerberus Plains cxliibit characteristics of low viscosity flood lavas and 

plains volcanism. Modelling of insulated sheet flows by Keszthelyi et al. (2000) 

suggest that the average eruption rates for Cerberus Plains lavas were likely on the 

order of IxlO'^ m^/s. More recent modelling of insulated sheet flows by Keszthelyi 

and McEwen (submitted) indicate flow fronts advance at rates of 1-5 m/s. For 

the 60-km-wide flow NE2, this would equate to an eruption rate of 3 x 10® m^/s. 

Assuming a constant eruption rate of 3x10® m^/s, the NE2 lava flow, which has a 

volume of 1800 km^, would be emplaced in roughly two months. This time estimate 

may be an underestimate as it assumes the entire flow front moved at the same rate; 

this may not be a valid assumption as Sakimoto et al. (2003) reports on possible 

levies in Cerberus lava flows, indicating lavas in the central reaches of the flow moved 

more quickly than those lavas on the flow margins. Smaller lavas emplaced at this 

volumetric rate would correspondingly be emplaced in less time. For the volumes 

of all post-Marte-Valles lava flows calculated in the previous section, assuming a 

constant eruption rate of 3 x 10® m^/s, all post-Marte-Valles lava flows would be 

emplaced within roughly 1-10 years. Since crater counts indicate that there is a 

possible age difference of several tens of millions of years between lavas in Amazonis 

Planitia and the Western Cerberus Plains, it is likely that there were significant 

periods of quiescence between volcanic: events. 
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3.8.4 Hydrologic Effects 

Could volcanic events of the Cerberus Plains be linked to regional hydrologic events? 

Several workers have already commented that the Cerberus Fossae appear to have 

released both lavas and water (Herman and Hartmann, 2002; Burr et al., 2002; Ples-

cia, 2003). Two hypotheses exist to explain the co-location of fluvial and volcanic 

morphologies. First, lavas erupted through the fissures and water vapor released by 

the eruption condensed and fell as rain. Second, water in aquifers under pressure 

were arterially ejected due to lithospheric cracking caused by dike emplacement, 

and lavas subsequently followed the release of water citepheadjw03,manga04. 

Plescia (1993) suggested that the channels of the Cerberus Plains were 

carved by water which devolatilized from lavas. Burr et al. (2002) suggested the 

dendritic nat ure of Rah way Valles may be an indicator of incision due to precip

itation. However, such channels are not widespread within units surrounding the 

plains (such as within the highland remnants and Elysium ridged lavas), so such 

precipitation would likely need to be local to the Cerberus Plains. Burr et al. (2002) 

pointed out that water from Athabasca Valles cannot account for Marte Valles dis

charge unless the water was accumulated behind a darn in Marte Valles which was 

cat astro phically breached (Moller et al., 2001). However, the likely quantity of wa

ter that could be devolatilized from a single lava flow is not enough to flood the 

Marte Valles system for more than a few hours. As calculated previously, lava flow 

NE2 has a volume of ~ 1800 km^. Meteorite analyses of SNC meteorites indicate 

that the parent magmas evolved from cumulates with no more than 1.85 wt% water 

(McSween, 1994). If all this water were to exsolve from the lavas with densities 

of ~ 3000 kg/m^ upon eruption and precipitate at once into the proximal end of 

Marte Valles, given an estimated discharge rate of 5 x 10® m^/s (Burr et al., 2002), 

the water would flow for only approximately 5.6 hours. It is unrealistic that this 
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quantity of water would somehow collect and erode Marte Valles in that time pe

riod. Even if the flows were an order of magnitude larger in volume, the maximum 

flood duration would still be on the order of days. We consider it is unlikely that 

water released from solution by erupting magmas eroded Marte Valles. 

Head et al. (2003) proposed that the emplacement of a near-vertical dike 

could crack the lithosphere and thus provide a pathway for pressurized waters at 

depth to rise to the surface through linear fractures. Although Head et al. (2003) 

noted that heat conduction from dikes to the cryosphere could melt ground-ice, they 

do not call on physical mixing of hot magmas and groundwater to cause eruptions 

of water. Instead, Head et al. (2003) suggests that groundwater could erupt due to 

the hydraulic head of waters under the Elysium Rise. Head et al. (2003) assumed 

erupted water would lose energy due to fountaining upon eruption and was unable 

to derive discharge rates equivalent to those calculated by Burr et al. (2002) with

out calling on unreahstic permeabilities. However, Manga (2004) suggested that, 

after an initial period of fountaining, erupting water would not fountain due to the 

presence of ponded water over the fissures. As a result, Manga (2004) was able to 

derive water eruption rates of the same order of magnitude as the Burr et al. (2002) 

calculated discharge rates with geologically reasonable permeabilities. 

3.8.5 Climatic Effects 

Baker (2003) has suggested that recent volcanism may have induced global climate 

change, thus explaining the existence of apparently young surfaces such as gullies 

and debris mantles. Plescia (1993) calculated the possible masses of volatile species 

released into the martian atmosphere from Cerberus lavas based on a range of 

values for the total volumes of volcanics erupted, the initial volatile content of 

the lavas, and the effusion rates of lavas. Plescia (1993) favored sustained lava 

effusion rates on the order of 1 x 10® m^/s. This effusion rate is within the range 
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for Keszthclvi et al. (2000) values for surging lavas, and it is only three times 

higher than sustained effusion rates calculated in Section 3.8.3, so his calculated 

atmospheric loading rates may be applicable. Plescia (1993) also calculated that 

the Cerberus volcanics may have released a total mass of carbon dioxide equivalent 

to the present day atmospheric mass. If this gas were instantaneously released into 

the present-day martian atmosphere, it would have temporarily doubled the surface 

pressure. However, Plescia (1993) concludes that even doubling the present surfcice 

pressure of Mars would not significantly change the climate. Furthermore, Plescia 

(1993) assumed that the Cerberus Plains were erupted at the same time which 

conflicts with the evidence for prolonged regional volcanism presented in Section 3.7, 

so his numbers are extreme upper bounds. By themselves, Cerberus Plains lavas 

are unlikely to induce significant climate change under present-day atmospheric 

conditions; however, if there were other comparable volcanic centers which were 

active at the same time (i.e., Tharsis or Amazonis), the combined gas release may 

have been enough to induce significant climate change. Martian Alternately, the 

injection of volcanic gases into the atmosphere during periods of low obliquity, when 

the atmospheric pressure is expected to drop to 1 mbar due to freezing of gases onto 

the polar caps (Toon, et al., 1980), could have a more significant effect on martian 

climate than under present conditions. 

3.9 Summary 

The geologic history of the Cerberus Plains apparently involved prodigious young 

volcanism, some of which occurred more recently than 49 Ma and possibly as re

cently as 1 Ma. Periods of volcanism coincided with both Athabasca Valles and 

Marte Valles fluvial events and with episodic Medusae Fossae Formation deposi

tion. Because the Cerberus Plains have been active in the geologically recent past, 

this region will likely be volcanically active again sometime in the future. 
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Decimeter-scale images from HiRISE (McEwen, 2003) will allow for the 

identification of smaller features of the lavas of the Cerberus Plains which may pro

vide more information on the emplacement processes of these lavas. Stereo observa

tions of lava flow surfaces may provide useful information on small-scale topography 

of surficial features such as tumuli, which in turn may provide constraints on the 

thermal evolution of such flows. Color observations of putative rootless cone fields 

may reveal zones of hydrologically altered minerals. 

Perhaps the most challenging aspect of planetary geological studies is the 

derivation of absolute ages for a given planetary surface. As discussed in this paper, 

many problems exist with deriving absolute ages of surfaces from crater counts. In 

the next few decades, either sample-return missions or in-situ dating of surface sam

ples by landers may become feasible. Such missions would likely provide invaluable 

information on the ages of geologic units and possibly provide crater counters with 

useful data to calibrate the martian crater production function. 
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CHAPTER 4 

Lake Athabasca, Mars: Evidence for a Late-Amazonian Paleolake 

4.1 Introduction 

An analysis of topographic and imaging datasets of the Western Cerberus Plains 

provides evidence for the existence of a martian paleolake, which is informally called 

Lake Athabasca in this work. The presence of a shallow basin within the West

ern Cerberus Plains and the distributions of channel systems, basal scarps and 

benches interpreted as shorelines, and small cratered cones interpreted as rootless 

phreatomagmatic cones within the basin are consistent with the past existence of 

a lake. Most of the water in this shallow lake sublimated into the atmosphere, but 

some quantity of water must have infiltrated into the ground and a small fraction 

flowed through a chaniicl identified by Plescia (2003) to the Eastern Cerberus Plains 

and possibly another small breach westward into southern Elysium Planitia. 

4.2 Background 

The Cerberus Plains of Mars extend from the southeastern margin of the Elysium 

Rise to the Marte Valles outflow channel (Plescia, 1990; Lanagan and McEwen, sub

mitted). The Western Cerberus Plains and Eastern Cerberus Plains are separated 

from each other by a ridge which lies east of and trends parallel to the main trunk of 

Athabasca Valles, circumferential to the Elysium Rise (Lanagan and McEwen, sub

mitted). Tanaka (1986), Burr et al. (2002), and Burr and McEwen (2002) presented 
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evidence for Late Amazonian fluvial events tlirougli Athabasca Valles. Scott and 

Chapman (1995) postulated the presence of a huge Amazonian-age paleolake that 

covered the bulk of the Cerberus Plains and subsequently debouched eastward into 

Amazonis Planitia through Marte Valles and southwest ward into Elysium Planitia. 

This interpretation was largely based on topography derived from Viking data that 

showed an enclosed basin encompassing nearly the entire Cerberus Plains; however, 

Mars Orbiter Laser Altimetry (MOLA) data showed that the Eastern Cerberus 

Plains currently has a general downhill gradient eastward towards Marte Valles, so 

that region cannot hold a large lake (Smith et aL, 2001). Additionally, images con

firmed that the plains are currently covered by lava flows rather than lake sediments 

(Plescia, 1990: Keszthelyi et al., 2000). Tanaka (1986) and (Scott and Chapman, 

1995) suggested that water released by Athabasca Valles contributed to the flood

ing in Marte Valles and was ultimately deposited in Amazonis Planitia. Based 

on MOLA-derived shaded relief maps, Plescia (2003) suggested that Athabascan 

fioodwaters debouched through a breach in a ridge separating the Western Cer

berus Plains from the Eastern Cerberus Plains and ultimately flowed through Marte 

Valles. However, Burr et al. (2002) suggested that the Marte Valles floods occurred 

significantly before the most recent floods in Athabasca Valles and had a different, 

local source. Although the fate of floodwaters from Athabasca Valles was not dis

cussed in detail, Burr et al. (2002) favored infiltration into fractured lavas as the 

fate of floodwaters emanating from a different portion of Cerberus Fossae. 

4.3 Observations 

4.3.1 Topography 

The digital elevation model of the topography of the Cerberus Plains described 

in Section 3.3.1 shows that much of the Western Cerberus Plains lies within a 

basin (Figure 4.1). The elevation model shows that the main trunk of Athabasca 
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Valles feeds into the northeastern portion of the Western Cerberus Plains basin, and 

distributary channels cut into a ridge which bounds the eastern bank of Athabasca 

Valles. As noted by Plescia (2003), near 4.5°N 152.3°E, a valley ~260 km long. 

4-6 kin wide, and 10 25 rri deep with an elevation drop of ~50 m dipping to the 

northeast cuts across a ridge. The floor of the valley has a maximum elevation of 

—2711 m. Near 1.5°N 146.5°E, the basin narrows in width at a linear depression 

which crosses over and cuts into a northwest-southeast trending scarp. South of 

the scarp, the basin deepens to an average depth of ^•35 m beneath the —2711-

m-elevation-contour. Two ridges near 4.2°N 141.8°E and 4.3°N 141.0°E which rise 

nearly to the —2711-in-elevation-contour cut across the southern portion of the 

basin. The features described above are also noted in the 1/128° MEGDR gridded 

topography dataset released by NASA's Planetary Data System (Smith et al., 2003). 

4.3.2 Imaging 

4.3.2.1 Scarps and Benches 

1.5 20 m/pixel resolution Mars Orbiter Camera (MOC) images (Malin and Edgett, 

2001) covering a region extending from 0°N-12°N and 135°E- 165°E (encompassing 

the primary basin and surrounding terrains) acquired during the mapping phase 

and the first 18 months of the extended mission were examined. These images 

reveal many positive relief features which exhibit scarps and benches along their 

bases. Within the Western Cerberus Plains basin, MOC image M04-04121 shows a 

scarp along the base of eject a from a crater embayed by platy-ridged lavas (Figure 

4.2). No talus deposits are noted at the bottom of the scarp. Along the southern 

margin of the basin, MOC image M07-01753 shows scarps and benches along the 

edges of the Medusae Fossae Formation (Figure 4.3). These features are primarily 

located within Athabasca Valles, the Western Cerberus Plains basin, and several 
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Figure 4.1: MOLA-derived topography of the Western Cerberus Plains. The soHd 
black line indicates the -2711-m-elevation contour, which encloses nearly the entire 
Western Cerberus Plains. Dots indicate the locations of cratered cones. 
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locations in the Eastern Cerberus Plains that lie down slope from the ridge-cutting 

valley (Table B.l). The bulk of scarps and benches within the Western Cerberus 

Plains basin are located at the base of edifices which rise above an elevation of 

-2711 m. 

4.3.2.2 Cratered cones 

MOC narrow angle images have also revealed the presence of small cratered cones 

within Athabasca Valles and the southern portions of the Western Cerberus Plains 

(Figure 4.1, Table A.l) (Lanagan et al., 2001b; Burr et ah, 2002; Burr and McEwen, 

2002). These cones generally have basal diameters of 50-300 m and often exhibit 

comparatively large summit craters with diameters up to ~ 80% that of the basal 

diameters. These cones are predominately confined to regions under the —2711-

rn-elevation contour in the southern Western Cerberus Plains or within Athabasca 

Valles. One exception is a cone near 4.2°N 141.0°E, which is located just outside the 

basin. Within Athabasca Valles, the cones occur in groups as aligned chains or at 

the head of wakes or longitudinal grooves. In some cases, cones in Athabasca Valles 

appear to sit on lava surfaces, although in other cases some appear to be embayed 

by younger lavas (Burr et al., 2002). MOC image El0-00998 shows a surface at 

6.6°N 152.8°E near the mouth of Athabasca Valles which exhibits dense clusters of 

overlapping cones sitting on top of platy-ridged lavas (Figure 3.19d). Most of the 

cones along the southern margin of the Western Cerberus Plains generally overlap 

each other in dense clusters next to the Medusae Fossae Formation. MOC image 

M08-00090 shows cones in dense clusters and oriented in linear alignments near 

the Medusae Fossae Formation (Figure 4.4). The bases of cones near the Medusae 

Fossae Formation are generally covered by talus deposits; however, several cratered 

cones located several kilometers north of the Medusae Fossae Formation are noted 

to be clearly superimposed on top of platy-ridged lavas. 
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Figure 4.2: MOC image M04-04121. Scarp in the Western Cerberus Plains basin. 
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Figure 4.3: MOG image M07-01753 near 3.9°N 141.0°E. The scene is illuminated 
from the left. Flat-lopped benches lie along the base of the Medusae Fossae For
mation. 
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1000 m 
Figure 4.4: MOC image M08-00090 near 2.7°N 143.9°E. The scene is illuminated 
from the left. Chains of cones lie near the base of the Medusae Fossae Formation. 
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4.4 Interpretations 

The data are interpreted as consistent with the presence of a lake within the basin 

at some point in the past. In summary, floodwaters from Athabasca Valles filled 

the shallow basin, eroding the margins and interior knobs as the basin was filling. 

Some of the water overflowed the Eastern Cerberus Plains-Western Cerberus Plains 

spillway, and some water may have debouched from the southwestern portion of 

the basin into southern Elysium Planitia. At a later time the Western Cerberus 

Plains was covered by fresh lava flows, which interacted with shallow groundwater 

or ground-ice to form rootless cones. 

4.4.0.3 Shorelines 

Observed basal scarps and benches on positive relief features within the Western 

Cerberus Plains are interpreted as having formed by fluvial erosion. These basal 

scarps occur either within the Western Cerberus Plains basin, in contiguous de

pressions to the Western Cerberus Plains basin, channels of Athabasca Valles, or 

downhill from the mouths of channels, which is consistent with the lake hypothesis. 

No such basal scarps are observed in the ridged plains which surround the Western 

Cerberus Plains basin. There are additional scarps of similar appearance in Marte 

Valles (Burr et al., 2002). The greatest energy for erosion probably came from the 

initial floodwaters filling the basin rather than wave action on a shallow ice-covered 

lake. From scaling relationships, Cabrol and Grin (2001) argue that, due to gravity 

scaling, martian waves deliver an order or magnitude less energy to shorelines than 

equivalent terrestrial waves, so the erosive potential for martian waves would be less 

than for terrestrial waves. Additionally, under the current martian climate, a fresh 

water lake would likely freeze, thus precluding surface wave formation. 
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Other workers examining possible martian paleolakes and oceans have inter

preted a number of landforms elsewhere on Mars as a variety of shoreline and lacus

trine morphologies such as deltas, evaporite deposits, spits, and tombolos (Parker 

et al., 1993: Cabrol and Grin, 1999; Malin and Edgett, 2003). Malin and Edgett 

(2003) argued that a distributary fan (perhaps a lake delta) near Holden crater 

provides evidence for persistent stream flow and perhaps a long-lived lake at that 

location. No such fan or delta is observed at the mouth of Athabasca Valles, so 

stream flow may have been short-lived. Cabrol and Grin (1999) suggested that some 

of their proposed paleolakes contained evidence for evaporites; in the case of Lake 

Athabasca, no such deposits are observed, although they could be present under 

lavas which fill the basin. Parker et al. (1993) interpreted some landforms near 

the dichotomy boundary as wave-formed spits and tombolos. Such features are not 

observed in the Western Cerberus Plains. Either wave-action in Lake Athabasca 

was transient (due to freezing of lake waters) and such landforms never formed or 

such landforms, if they did form, are buried under lavas. 

4.4,0.4 Rootless Cones 

Because the observed cratered cones are removed from obvious volcanic vents, sit on 

top of lava flows, and do not appear to obviously follow deep structural trends, they 

have been interpreted as rootless cones (i.e. volcanic cones not rooted to a primary 

volcanic vent) constructed due to phreatomagmatic explosions resulting from the 

interaction of surface lavas with shallow ground water (Lanagan et al., 2001a). As 

such they would be indicators of the presence of groundwater (or melted ground-

ice) at the time of their formation. Alternative interpretations include cinder cones 

or lava-rise pits which subsequently were flooded before the flow interior cooled 

(Jaeger et al., 2003). These cones are primarily confined to regions under the 

—27H-m elevation contour or within Athabasca Valles, locations expected to have 

been flooded. 
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4.4.0.5 Spillways 

The presence of streamUned mesas within the valley leading from the Western Cer

berus Plains to the Eastern Cerberus Plains suggests the floor was scoured by flows. 

The mesas in MOC image R05-01866 (Figure 3.21) are rounded on their uphill sides 

and pointed on their downhill sides, consistent with these knobs having been eroded 

by channelized flows. Additionally, downslope of the channel on the eastern portion 

of the ridge, more streamlined knobs are noted. 

It is possible that water flowed to Elysium Planitia from the southwestern 

portion of the basin. As noted previously, the ridge near 4.3''N 141.0°E does not rise 

to the -2711 m elevation, so water may have breached that ridge. Imaging data do 

not show any clear examples of fluvial scour, although basal scarps and benches are 

noted in the vicinity (Figure 4.3), and lavas may cover the surface in this location. 

However, as there are several ridges in the area, and as the saddle in the ridge is 

only 12 rn below the elevation of the -2711 m elevation contour, much of the water 

would have been dammed behind the ridge. 

On the basis of observations of pristine fluvial geomorphology and sparsely 

cratered surfaces, Burr et al. (2002) argued for recent aqueous floods from Athabasca 

Valles. Incisions in a ridge bounding the eastern side of the main trunk of Athabasca 

Valles suggest some of the floodwaters overtopped its banks (Burr et al., 2002; Burr 

and McEwen, 2002). Plescia (2003) suggested that water flowing out of the mouth 

of the main trunk of Athabasca Valles flowed eastward, ultimately debouching into 

the Eastern Cerberus Plains via the valley on the eastern boundary of the basin. 

However, the downhill gradient at the mouth of Athabasca Valles is greatest to the 

southwest, so the bulk of Athabascan waters would have flowed in that direction into 

the observed Western Cerberus Plains basin. In order for water to enter the eastern 

spillway from a flood emerging from the main trunk of Athabasca Valles, water 

must first either first pond within the basin to the elevation of the upstream end 
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of the spillway (-2711 m) or have been discharged at rates so high that backwater 

ponding occurred. However, water which breached the eastern bank of the main 

trunk of Athabasca Valles may have flowed into the spillway without first entering 

the main portion of the basin. 

4.4.0.6 Closed Basin 

Plescia (2003) and Lanagan and McEwen (submitted) have shown that the bulk of 

the Western Cerberus Plains is covered by platy-ridged surfaces which they interpret 

as flood lavas based on the work of Keszthelyi et al. (2000). Based on the fact that 

impact craters with diameters > 500 m are embayed rather than filled by lavas, 

Lanagan and McEwen (submitted) argue that individual lava flows are no more than 

30 m thick. However, given that 90 m tall ridges are buried by lavas, the entire stack 

of lavas may exceed 90 m in places. Most of these lavas appear to be unmodified 

and embay erosional scarps, so they must have been emplaced after lake formation. 

As a result, the present-day topography of the basin may underestimate the actual 

depth of Lake Athabasca. However, such extraction of the paleotopography assumes 

that the Western Cerberus Plains has not undergone tectonic deformation after the 

emplacement of lavas. Lava-filled impact basins on the moon resulted in mascons 

which are usually isostatically compensated, indicating that the lunar lithosphere 

flexed under the weight of lavas in those locations (Kaula et al., 1986). However, 

in Chapter 3 I reported that the bulk of the Eastern Cerberus Plains were covered 

with a stack of lavas up to 200 m deep. The Eastern Cerberus Plains do not 

lie in a basin as would be expected if lavas were depressing the lithosphere, so 

the lithosphere these is rigid enough to support the lavas in that locale. If the 

lithosphere under the Western Cerberus Plains is similarly rigid, then it should be 

able to support a 90-m-thick stack of lavas and the assumption of minimal regional 

tectonic deformation should apply. 
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4.5 Discussion 

4.5.1 Physiography 

Based upon present-day topography, if water had filled the Western Cerberus Plains 

basin up to an elevation of -2711 m, the resulting lake would cover an area of 8.4x 10^ 

km^ (approximately the same area as Lake Superior), have an average depth of 12 

m, and contain a volume of 1.0x10^ km^ of water. The maximum discharge rate 

of bankfull Athabascan outflow events was 1-2x10® m^/s (Burr, 2003). At these 

rates, if all the water from Athabasca Valles flowed into the present-day Western 

Cerberus Plains basin and the Athabascan discharge rate linearly decreased with 

time from a maximum possible discharge to zero, the basin would have been filled in 

11.5-23 days. Given the high discharge rates and the low topographic gradients in 

this region, it is possible that water discharged at high rates backed up and flowed 

laterally relative to the maximum (but still small) downhill gradient. Athabascan 

floodwaters which breached a wrinkle ridge along its eastern bank (Burr et al., 2002) 

may have flowed directly into the Western Cerberus Plains-Eastern Cerberus Plains 

breach rather than the Western Cerberus Plains basin. 

Large quantities of sediment would have been deposited on the floor of 

Lake Athabasca. Burr et al. (2002) state that the main trunk of Athabasca Valles 

is approximately 300 km long, 25 -30 km wide, and ~ 75 in deep. These dimensions 

equate to an excavated volume of 675 km^. If this volume of sediment were evenly 

distributed across the area of entire present-day basin, the sediment layer would be 

~ 8 m thick. This estimate of sediment volume is approximate as the calculation 

does not take into account the thicknesses of lavas on the floors of Athabasca Valles 

and variations in the cross-sectional areas of Athabasca Valles. Additionally, it is 

unlikely the sediment would have been evenly distributed across the floor of the 

basin as sediment would be deposited preferentially in local topographic lows or in 
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locations where the velocity of the stream flow decreases, such as where Athabasca 

Valles debouches into the Western Cerberus Plains. 

While cones are observed in the distal reaches of Athabasca Valles and 

along the southern margin of the Western Cerberus Plains basin, cones are not 

observed on lava flows between those regions. In part this may be an observational 

artifact as there are fewer MOC images of this region than in Athabasca Valles 

or at the contact with Medusae Fossae Formation. Possible explanations for the 

paucity of cones in the main portion of the Western Cerberus Plains basin are that 

lavas observed in the main portion of the Western Cerberus Plains may not have 

been emplaced until after Lake Athabasca waters in that location drained away or 

sublimated to the atmosphere or that cones did form on the basin floor but were 

subsequently buried by lavas. 

4.5.2 Sinks of Athabasca Floodwaters 

There are several possible sinks for Lake Athabasca waters; spillover to the Eastern 

Cerberus Plains, freezing followed by sublimation to the atmosphere, and infiltration 

into the subsurface. 

4.5.2.1 Overland Flow 

Some Lake Athabasca waters may have drained through at least one and possibly 

two spillways. Cross-sections of the spillway that leads to the Eastern Cerberus 

Plains show that the present-day channel is approximately 4-6 km wide, 10-20 m 

deep, and drops ^ 1 m in elevation for every 5 km of run. Based on the Chezy-

Manning equation modified for Mars by Komar (1979), estimated stream velocities 

would have ranged from and discharge rates for bankfull flows through the spillway 

range from 6.5 x 10® to 2.7 x 10^ m^/s. These values are on the order of a percent of 
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the iiiaxiinuin estimated discharge rate for Athabasca Valles at bankfull flow (Burr. 

2003), so the current topography of the spillway would not be able to accommodate 

bankfull floods from Athabasca Valles. However, MOC images show that the floor 

of the channel is covered by platy-ridged lavas. In Chapter 3, I estimated that 

individual lava flows of the Western Cerberus Plains were approximately 30 m thick 

and that the entire stack of lavas may be as much as 90 m deep. If the average 

depth of the spillway was 30-90 m deeper at the time of Athabascan outflow events, 

then discharge rates may have ranged from 1.8 x 10® m^/s to 3.5 x 10® m^/s, or 

roughly 18-35% of the maximum estimated Athabasca Valles discharge rate. 

The possible spillway to Elysium Planitia in the southwestern portion of the 

basin is approximately 1.5-km wide and lies 10-20 m under the -2711 m contour. 

Slopes on the western side of the spillway are approximately 1 m drop for every 

5 km of run. Calculated bankfull discharges for this spillway are approximately 

6.8 X 10^-1.1 X 10"^ m^/s. Although there are no high-resolution MOC images of the 

spillway, platy-ridged lavas are observed both to the east and west of the potential 

spillway. If the spillway had been 30 m deeper at the time of Athabascan outflow 

events, the maximum discharge rate would have been up to 6.8 x 10^ m^/s. 

The combined discharge from the two spillways out of the basin may liave 

been as high as ~ 40% of the maximum discharge from Athabasca Valles if the 

spillways were 40 m deeper in the past than present. If Athabasca Valles bankfull 

flow was prolonged, Athabascan waters must have ponded within the basin. 

4.5.2.2 Freezing and Sublimation 

Assuming the climatic conditions at the time Lake Athabasca existed were the 

same as they are now, lake waters would have frozen and subsequently sublimated. 

Based on energy balance considerations, Carr (1983) calculated that a martian lake 

in still air at a temperature of 250 K under atmospheric pressures spanning 10 -1000 
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millibars would freeze to a thickness of 5-10 meters after one year. In this case, the 

temperature of the surface of the ice would stabilize at 200- 239 K, so ice on the 

surface of the lake would sublime at a rate of ~ 1 x 10~^° — 1 x lO'"^^ m/s. At those 

rates, a lO-in-deep lake would sublime in approximately 3 x 10^ — 3 x 10^ years. 

Carr (1983) found that freezing rates of martian lakes are largely insensitive to wind 

speed and atmospheric pressures. However, while sublimation rates are insensitive 

to wind speed at low atmospheric pressures, Carr (1983) predicts that, in the case 

of higher atmospheric pressures (600 mb) and higher wind speeds (1 m/s), the lake 

would sublime more rapidly at a rate of 2.5 x 10^® m/s, so a 10-m-thick body of ice 

would sublime in 1.3 years. Several processes may enhance or impede the freezing 

and sublimation rates discussed above. As martian climate is linked to variations 

in martian orbital elements which have a characteristic period of 10^ years (Toon 

et al., 1980), lake ice sublimation rates may change with the climate. Sublimation 

of the lake surface may be impeded if the icy surface were covered with debris as 

the sublimating water vapor would need to diffuse through the cover (Carr, 1990). 

Carr (1990) finds that a meter-deep debris cover over an equatorial body of ice 

has a major effect on the net sublimation rate such that a 10-m-thick body of ice 

could survive for ~ 10® years. In summary, depending on various assumptions, 

Lake Athabasca ices would disappear on time scales between 1 year and 100 million 

years. 

4.5.2.3 Infiltration 

Some lake water may have infiltrated into the lake floor. Using the Espinoza (1999) 

treatment of the Green and Ampt (1911) solution, the vertica.l advancement of a 

wetting front in an unsaturated substrate due to infiltration of water driven by 

a constant hydrostatic head (i.e., lake water that infiltrates into the substrate is 

replenished from an outside source) was calculated. The method assumes that 

Darcy's law applies, that the substrate has homogenous hydraulic properties, and 
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that no phase changes occur in the water. As the expected suction head due to 

capillary action is approximately one to two orders of magnitude lower than the 

hydrostatic head for a lake with a depth of at least 10 rn, the suction head is 

ignored in these calculations. 

The infiltration rate is partially controlled by hydraulic properties of lake 

floor materials. The present-day Western Cerberus Plains is surfaced by (likely 

fractured) lava flows. Perhaps, at the time of the last flood, the basin floor was 

composed of fractured lava flows, perhaps covered by eolian materials or pyroclas-

tics up to a few meters thick. Based on analogies to impact generated lunar regolith, 

Clifford (1993) suggested martian surface porosities between 20-50%. Basalts have 

widely varying porosities and permeabilities. Based on laboratory measurements 

of samples of vesiculated basalt flows, connected porosities (or the volume frac

tion of connected pores in a sample) range from 10% to 50% and permeabilities 

range between 10~^'^"10~® m^ (Saar and Manga, 1999). A review of published hy

draulic conductivities of Columbia River flood basalts indicated that the vertical 

conductivities of those basalts are 0.005 3.5 ft/day (Whiteman et al., 1994). These 

values correspond to vertical conductivities of 1.7 x 10~® - 1.23 x 10~® m/s and 

permeabilities of 2.05 x 10 ~ 1.44 x 10 '^' m^. 

In the case of infiltrating lake water over a substrate with a porosity of 20% 

and a permeability of 10'""^ m^ under a constant hydraulic head of 10 m, a 3 meter 

column of lake water would infiltrate into the crust in an hour. For a substrate with 

a permeability of 10"^"' m~, only a 0.02 meter column of lake water would infiltrate 

into the crust in an hour. Although infiltration rates decrease over time as pores 

become saturated with water, a significant portion of the lake water may infiltrate 

into the shallow crust. 
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The calculated infiltration rates do not account for freezing of water infil

trating into cold regolith. As water freezes in pores, both the porosity and per

meability of the substrate decreases, thus limiting and ultimately arresting the 

infiltration process (Clifford, 1993). Carr (1983) points out that terrestrial sheet 

floods flowing over cold surfaces often develop icings which would preclude per

colation into the subsurface; however, such terrestrial sheet floods have discharge 

rates many orders of magnitude smaller than those expected for bankfull outflows 

through Athabasca. On the other hand, Burr et al. (2002) suggest fractures in 

lava flows which may comprise pre-lake basin floors or the presence of brines which 

would depress the freezing point of water (Knauth and Burt, 2002) may allow Lake 

Athabascan waters to penetrate to significant depths before freezing. 

Given present-day atmospheric conditions, water that infiltrates into the 

regolith would eventually be lost to sublimation. Models which account for re-

condensation of diffusing water vapor assuming an initially ice saturated regolith 

predict desiccation of the regolith to a depth of 87 rn in ^ 7 million years (Mellon 

et al., 1997). However, the addition of surficial fines that fill near-surface pore spaces 

may impede diffusion of water vapor, thus substantially increasing the lifetime of 

shallow ground-ice. 

4.5.3 Timing of Floods 

There has been a great deal of confusion over the chronology of events in Athabasca 

Valles. Plescia (1990, 2003) used statistics of large craters with diameters >1 km to 

bracket the age of the last Athabasca channel outflow event to be between 1.7 Ga 

(ridged plains) and 144 Ma (young lavas in Western Cerberus Plains at the mouth of 

Athabasca Valles). Based on size-frequency relationships of small craters (diameters 

<1 km) within Athabasca Valles and the model cratering chronology of Hartmann 

(1999), Burr and McEwen (2002) estimated the age of the last Athabascan fluvial 
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event to be 2-8 Ma. Most of the floor of Athabasca Vallcs is covered by lava 

flows, which must be younger than the flooding , but. Burr et al. (2002); Burr and 

McEwen (2002) argued that the volcanism quickly followed the flooding, producing 

the rootless cones. However, McEwen et al. (2003a) subsequently demonstrated that 

70-80% of the craters superimposed on Athabasca Valles are secondary craters from 

one 10-km-diameter impact crater named Zunil. This result could be interpreted 

to mean that the floor of Athabasca Valles has an even younger age than 2-8 Ma, 

but it is also possible that the production function of Hartmann is contaminated 

by secondary craters. Werner et al, (2003) applied the cratering model of Neukum 

(Hartmann and Neukum, 2001) to conclude that fluvial processes ended 1.6 Ga ago 

but with volcanic activity extending to as recently as 3 Ma ago. However, they 

apparently did not notice the major portions of the Athabasca Valles floor that are 

not covered by lavas (Keszthelyi et al., 2004) or patches of pristine (interpreted as 

young) lavas cut by Athabasca Valles (Lanagan and McEwen, submitted). 

Based on observations of Athabascan channels that cut through pristine 

lava surfaces and are also embayed by other lava surfaces, (Lanagan and McEwen, 

submitted) argue that Athabascan fluvial outflows were contemporaneous with the 

emplacement of many Western Cerberus Plains lavas. Additionally, they note that 

an analysis of high resolution (2 20 m/pixel) images of the Western Cerberus Plains 

shows that lava flows embay or fill all < 500-m-diameter impact craters, suggesting 

that the present-day Western Cerberus Plains surfaces should be no older than 49 

Ma. The fact that pristine lava surfaces are observed within the Western Cerberus 

Plains basin indicates that the volcanism continued subsequent to the last significant 

Athabascan outflow event, so Lake Athabasca would have preceded the last major 

resurfacing event in this region. Based on the presence of wakes of cones within 

Athabasca Valles, Burr et al. (2002b) argued for multiple Athabascan outflow 

events, so Lake Athabasca may have been an episodic lake. If lava emplacement 

and fluvial events are closely spaced in time, then Lake Athabasca may have last 
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been filled within the last 49 Ma. 

There is little likelihood that Lake Athabascan waters persist to the present-

day. As noted previously, a 10-m-thick ice body may persist for as long as 100 Ma 

if it is covered by a meter of fines, and many friable Medusae Fossae Formation 

deposits postdate lavas which fill the basin. However, the lava flows would have 

conducted much of their heat energy into the substrate, thus heating any ground-

ice present and enhancing sublimation rates. In Chapter 3, I explored the possibility 

that Medusae Fossae Formation materials are pyroclastic deposits from Cerberus 

Plains volcanism and pointed out that these deposits lie far from known vents. If 

surface lava flows contacted surflcial water or ices in deeper portions of the basin, 

pjT:oclastics may have been produced locally to produce materials making up the 

Medusae Fossae Formation. 

4.6 Conclusions 

MOLA-derived topographic maps have revealed the presence of a basin covering 

much of the Western Cerberus Plains. Features interpreted as rootless cones and 

shorelines are preferentially confined to the basin. Most of the lake water froze and 

then sublimated, but some water overtopped the basin and while some water may 

infiltrated into the lake floor. Although debris-cover could preserve ground-ice for 

up to 100 My, ground-ice would eventually sublimate; heat from lava flows which 

filled the basin would enhance the sublimation rates, so it is unlikely that ground-ice 

deposits exist in this region today. Interactions of lavas with near-surface water or 

ice could have produce pyroclastic deposits which may make up the Medusae Fossae 

Formation. 

Lake Athabasca was likely a transient body of water, not likely to be a 

habitat for life. However, it appears to be exceptionally young and benches cut 
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into the Medusae Fossae Formation along the southwestern edge of the basin ap

pear well-preserved, so study of this region could provide insights into possible 

ancient lakes. Cabrol and Grin (1999) identified 179 candidate paleolakes where 

channels debouched into impact craters. However, a key question is whether any of 

these were long-lived bodies of water. The MER rover Spirit has landed in Gusev 

Crater, a paleolake basin that has been filled by lavas (Squyres et al., 2004). Lan

der studies of Gusev Crater may provide insights as to processes which occurred in 

Lake Athabasca. Similarly, analyses of Lake Athabasca morphologies, which likely 

formed from short-lived bodies of water, may provide information applicable to 

Gusev Crater studies. 
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CHAPTER 5 

Summary and Conclusions 

A number of the questions posed in the introductory chapter of this dissertation 

have been addressed in this work. A number of landforms in the Cerberus Plains are 

interpreted to have formed due to volcanism. Chapter 2 explored the possibility that 

lavas interacted with near-surface ground-water or ground-ice to produce rootless 

cones. Chapter 3 examined the volcanic flows of the Cerberus Plains and derived 

estimates for flow volumes and areas. Chapter 4 proposed that lavas encountering 

surflcial or near-surface waters or ices in a basin may have resulted in the production 

of pyroclastic materials which formed the Medusae Fossae Formation. 

Tentative links between volcanic and hydrologic events in the Cerberus 

Plains have been established. In Chapter 2, I argued that water required to form 

rootless cones had to be be juvenile in origin. In Chapter 3, I presented evidence 

that volcanic events and Athabasca Valles fluvial events were contemporary, or at 

least interweaved in time. I suggested that the Head et al. (2003) lithospheric 

cracking model and the Manga (2004) aquifer sealing/recharge model could explain 

how volcanic and fluvial events could be related. I also showed that it was unlikely 

that observed channels were carved by waters released by the lavas themselves. 

The climatic impact of eruption of individual flows mapped in Chapter 3 

is suggested to be minimal. Previous estimates of volcanic gas release from the 

Cerberus Plains assumed the entire Cerberus Plains was emplaced in a single event 

and that any climatic effect caused by injection of volcanic gases into the present-day 

atmosphere may have been minimal (Plescia, 1993). The volumes of individual flows 
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are much smaller than the entire package of Cerberus lavas, so climate change from 

individual flows is unlikely. However, extended volcanism from multiple volcanic 

fields globally or release of volatiles into the atmosphere during periods of low 

obliquity during which Toon et al. (1980) predict much of the atmosphere would 

freeze onto the poles could have significant climatic effects. 

Finally, in Chapter 3, I argued that the Cerberus Plains may exhibit vol

canism in the future. The fact that all Western Cerberus Plains lavas embay craters 

> 500 m in diameter indicate these lavas are no older than 49 My and could be 

much younger. Given that extensive volcanism occurred int he geologically recent 

past, it is reasonable to assume that the Cerberus Plains of Mars may be active in 

the future. 
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APPENDIX A 

Images of Cerberus Plains Rootless Cones 

After (Lanagan et al., 2001a) was published, cratered cones were identified in many 

more MOC images covering the vicinity of the Cerberus Plains. A list of MOC 

images are provided in Table A.l. 
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Table A.l: MOC images of cratered cones in the vicinity 

of the Cerberus Plains. Longitudes follow east-positive 

convention. 

Location MOC Image Center Latitude Center Longitude 

Athabasca Valles Ml 1-00331 8.98 155.61 

M12-02516 9.06 155.49 

M13-01603 8.42 155.65 

M15-01822 7.49 153.56 

M16-00228 8.38 154.52 

M18-01080 9.4 155.7 

M20-01474 7.55 152.89 

M21-01914 7.89 153.95 

M23-00259 7.56 153.76 

M23-00817 7.56 153.55 

M23-01259 7.54 153.29 

M23-01847 10.24 156.55 

EOl-00751 8.14 155.61 

EOl-01953 7.61 153.94 

E02-00433 7.57 152.88 

E03-00672 7.54 154.66 

E03-02737 7.45 153.53 

E04-02119 9.14 155.47 

E05-00280 29.31 195.81 

E05-03124 9.29 155.81 

E09-02793 7.39 153.49 

ElO-00998 6.67 152.63 

El 0-01384 9.62 156.06 

ElO-03841 8.93 154.29 

continued on next page 
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Table A.l: continued 

Location MOC Image Center Latitude Center Longitude 

Ell-02913 9.05 155.45 

El 1-03799 9.06 154.58 

E12-01728 8.93 154.9 

E12-01946 9.36 155.91 

E12-02746 8.45 155.24 

El 2-02967 8.93 155.27 

El 3-01475 8.96 154.8 

El 5-00296 9.23 155.7 

E15-00826 8.93 155.05 

E16-00117 8.28 153.81 

E16-00622 7.76 153.25 

E16-01878 9.11 155.84 

El 7-00102 9.12 155.31 

E18-00015 7.88 153.63 

E18-00889 7.56 152.91 

SW Cerberus Plains MOO-01046 3.39 143.44 

MOO-01434 3.05 147.74 

M02-03479 1.49 146.25 

M07-01753 4.2 140.92 

M07-02180 1.46 145.62 

M07-03125 3.68 141.9 

M08-00090 2.71 143.86 

M09-02816 1.4 145.38 

M21-01153 1.38 146.38 

M23-00497 0.99 146.33 

M23-00893 3.67 141.75 

continued on next page 
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Table A.l: continued 

Location MOC Image Center Latitude Center Longitude 

E02-02004 2.97 142.13 

E02-02805 9.48 155.93 

£03-00778 2.75 142.77 

El 2-00184 3.49 142.06 

E12-0041G 1.38 146.18 

El 2-01250 1.28 145.53 

El 7-01551 2.99 142.34 

Marte Valles M12-00647 14.22 184.47 

E05-00191 12.46 182 

E12-02515 9.83 179.84 

W. Amazonis Planitia M03-03958 24.84 188.33 

M04-01401 24.79 188.44 

M04-02823 24.09 189.42 

M07-00377 22.7 194.83 

M07-02324 24.88 187.65 

El 0-00550 26.46 187.2 

El 0-02409 22.24 194.5 

Ell-01232 23.07 191.65 

E16-01228 23.11 195.53 
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APPENDIX B 

Images of Lake Athabasca Shorelines 

Table B.l lists center latitudes and longitudes of MOC images showing positive 

relief features with sharp basal scarps or benches. 
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Table B.l: MOC images of scarps in the vicinity of the 

western Cerberus Plains. Longitudes follow east-positive 

convention. 

MOC Image Center Latitude Center Longitude 

SP1-23803 8.21 154.52 

SP1-25708 1.96 157.79 

SP2-53103 10.27 157.04 

SP2-54803 6.62 147.22 

FHA-00577 10.25 156.86 

FHA-01586 4.94 146.27 

MOO-01046 3.39 143.32 

MOO-01434 3.05 147.62 

MOO-02498 -2.60 161.11 

MOO-03216 9.89 156.81 

M02-00581 9.26 155.33 

M02-01591 5.61 152.32 

M02-01971 2.48 157.10 

M02-01973 10.35 156.08 

M02-03270 2.00 158.19 

M02-03274 10.32 157.10 

M03-02794 5.55 148.88 

M03-03628 10.30 157.11 

M03-04746 7.80 154.17 

M03-06931 5.64 152.41 

M03-07387 3.06 157.19 

M04-04121 6.47 147.40 

M07-00444 6.02 139.67 

M07-00614 9.66 155.69 

continued on next page 



Table B.l; continued 

MOC Image Center Latitude Center Longitude 

M07-00817 5.11 144.13 

M07-01258 5.66 148.40 

M07-01753 4.20 140.80 

M07-01887 3.67 157.36 

M07-01888 9.78 156.57 

M07-03125 3.68 141.78 

M07-03419 10.18 157.42 

M07-03839 8.97 161.94 

M07-05928 7.64 155.24 

M08-02926 4.01 141.10 

M09-01921 4.64 152.62 

M09-02230 4.49 140.51 

M09-03048 -1.18 162.11 

Ml 0-01767 7.62 157.07 

Mll-00331 8.98 155.49 

M12-01869 8.31 154.34 

Ml 2-02359 3.78 151.64 

M12-02516 9.06 155.37 

Ml 3-01603 8.42 155.53 

M15-01822 7.49 153.44 

M17-01115 -1.91 159.02 

M18-01080 9.40 155.58 

M19-00226 4.12 149.75 

M20-00456 2.41 148.43 

M20-01474 7.55 1.52.77 

M20-01586 10.45 156.57 

continued on next page 
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MOC Image Center Latitude Center Longitude 

M21-01153 1.38 146.26 

M21-01914 7.89 153.83 

M22-00542 -2.70 159.34 

M23-00259 7.56 153.64 

M23-00497 0.99 146.21 

M23-00893 3.67 141.63 

M23-01023 3.14 145.73 

M23-01259 7.54 153.17 

M23-01731 7.33 152.84 

EOl-00751 8.14 155.49 

EOl-00866 7.14 159.49 

EOl-01953 7.61 153.82 

E02-00433 7.57 152.76 

E02-02004 2.97 142.01 

E02-02805 9.48 155.81 

E03-00672 7.54 154.54 

E03-02737 7.45 153.41 

E04-00433 8.44 155.28 

E04-01221 5.43 153.94 

E04-01402 10.59 156.88 

E04-01721 7.13 148.41 

E04-01922 7.00 152.03 

E04-02119 9.14 155.35 

E04-02348 3.34 147.19 

E05-00197 9.29 155.72 

E05-00381 10.26 157.10 

continued on next page 



Table B.l: continued 

MOC Image Center Latitude Center Longitude 

E05-01933 10.26 157.25 

E05-03124 9.29 155.69 

E09-01269 7.55 155.32 

E09-02793 7.39 153.37 

El 0-00265 10.30 156.81 

ElO-00998 6.67 152.51 

ElO-01384 9.62 155.94 

ElO-02604 8.72 155.13 

El 0-03437 8.23 150.43 

El 1-00509 10.67 156.88 

El 1-01449 6.91 152.62 

El 1-01849 9.35 156.17 

El 1-02357 2.41 148.50 

El 1-02913 9.05 155.33 

El 1-03313 6.48 147.09 

El 2-00184 3.49 141.94 

El 2-00295 1.71 158.42 

E12-00297 10.30 157.30 

E12-00416 1.38 146.06 

E12-01123 9.77 156.54 

El 2-01250 1.28 145.41 

El 2-01728 8.93 154.78 

E12-01946 9.36 155.79 

El 2-02746 8.45 155.12 

E12-02967 8.93 155.15 

El 2-03096 6.63 146.83 

continued on next page 
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MOC Image Center Latitude Center Longitude 

E13-01874 7.78 164.53 

E13-01939 7.26 152.22 

E13-02142 9.32 155.83 

E14-00352 7.56 150.70 

E14-01437 3.17 158.36 

E14-01510 1.05 146.25 

E14-01931 10.61 156.72 

El 5-00449 6.48 159.84 

E15-00514 2.70 147.94 

E15-00826 8.93 154.93 

E15-01728 5.32 150.16 

E16-00117 8.28 153.69 

El 6-00260 9.98 157.38 

E16-00622 7.76 153.13 

E16-01878 9.11 155.72 

El 7-00102 9.12 155.19 

El 7-01551 2.99 142.22 

E18-00127 10.10 157.20 

El 8-00889 7.56 152.79 

E18-01019 9.67 156.51 
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