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The Geology of Mars

Evidence from Earth-Based Analogs

With the prospect of a manned mission to Mars still a long way in the future, research into the
geological processes operating there continues to rely on interpretation of images and other data
returned by unmanned orbiters, probes, and landers. Such interpretations are necessarily based
on our knowledge of processes occurring on Earth. Terrestrial analog studies therefore play an
important role in understanding the origin of geological features observed on Mars.

This book presents contributions from leading planetary geologists to demonstrate the
parallels and differences between these two neighboring planets, and to provide a deeper
understanding of the evolution of the Solar System. Mars is characterized by a wide range of
geological phenomena that also occur on Earth, including tectonic, volcanic, impact cratering,
aeolian, fluvial, glacial, and possibly lacustrine and marine processes. This is the first book to
present direct comparisons between locales on Earth and Mars and to provide terrestrial
analogs for newly acquired data sets from Mars Global Surveyor, Mars Odyssey, Mars
Exploration Rovers, and Mars Express.

The results of these analog studies provide new insights into the role of different processes
in the geological evolution of Mars. This book will therefore be a key reference for students
and researchers of planetary science.

MARY CHAPMAN is a research geologist with the Astrogeology Team at the United States
Geological Survey in Flagstaff, Arizona. She is also the Director and Science Advisor for the
NASA Regional Planetary Image Facility there. Her research interests center on volcanism and
its interactions with ice and other fluids, and she has a keen interest in the development of future
robotic and human exploration of the Solar System.
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Preface: the rationale for planetary analog studies

Just before I left to attend the June 2001 Geologic Society of London/Geologic
Society of America Meeting in Edinburgh, Scotland, I received two e-mail
messages. The first was from a UK-based freelance science writer, who was
producing a proposal for a six-part television series on various ways that
studies of the Earth produce clues about Mars. He requested locations
where he might film, other than Hawaii. I was amazed that he seemed not
to be aware of all of the locations on Earth where planetary researchers
have been studying geologic processes and surfaces that they believe are
analogous to those on Mars. In retrospect, his lack of knowledge is
understandable, as no books were in existence on the topic of collective
Earth locales for Martian studies and no planetary field guides had been
published that included terrestrial analogs of the newly acquired data sets:
Mars Global Surveyor, Mars Odyssey, Mars Exploration Rovers, and
Mars Express. [Historically, NASA published a series of four Comparative
Planetary Geology Field Guides with four locales having analog features for
comparison with Mars, each book on a different subject and area (volcanic
features of Hawaii, volcanism of the eastern Snake River Plain, aeolian
features of southern California, and sapping features of the Colorado
Plateau). However, all of these books were based on Viking data, intended
for researchers in the field, were not widely distributed, and are now out of
print (NASA has not published any more field guides).] The second e-mail
was from Science Editor Susan Francis of Cambridge University Press,
requesting that I stop by their booth at the Edinburgh meeting to discuss
a possible topic for a new book on the geology of Mars. Following this
e-mail correspondence, I came up with a topic that highlights the current
research of geologists who study various environments on Mars using
Earth-based analogs.

vil



viii Preface: the rationale for planetary analog studies

Planetary geologists commonly perform terrestrial analog studies in order
to better understand the geology of extraterrestrial worlds, in order to know
more about our solar system. Especially Mars, because although the radius
of Mars is about half that of the Earth, its gravity is about a third of our
own, and the current Martian atmosphere is very thin, dry, and cold — it is
the one planet in the solar system whose surface is most similar to our own.
The geology of Mars is characterized by a wide range of geological processes
including tectonic, volcanic, impact cratering, acolian, fluvial, glacial and
possibly lacustrine and marine. However, other than the ongoing processes
of wind, annual carbon dioxide frosts, and impact cratering, most active
geologic processes on Mars shut down millennia ago, leaving a red planet
frozen in time. Many of the almost perfectly preserved surface features and
deposits of Mars appear visually very similar to analogous terrestrial locales,
leading researchers to propose similar processes and origins for deposits on
both planets. In order to test their hypotheses, logically researchers visit and
study these analog areas on Earth to determine characteristics that (1) provide
evidence for the origin of surfaces on Mars and (2) can be detected by
instruments and astronauts on current and future missions. Currently, the
Mars Global Surveyor, Mars Odyssey, and Mars Express spacecraft and
onboard instruments continue to orbit the planet and acquire data, while
the active Mars Exploration Rovers explore the surface of Gusev Crater and
the Meridiani plains. Recent data from these missions show that our earlier
interpretations of Mars geology need to undergo expansion and revision.
In this book, examples of new insights into these processes on Mars underline
the need for study of Earth processes and analogs and the application of
these results to a better understanding of the geological evolution of Mars.
In addition, future rover and spacecraft missions are also being planned for
upcoming launch opportunities. Within the next 20 years, perhaps astronauts
may be sent to Mars. Missions to Mars are expensive. It is necessary and
cost effective to attempt to be certain that our mission instruments and
personnel are equipped and trained to detect and discern the nature of
Martian terrains before they are deployed on that planet. Therefore, research
geologists investigate terrestrial analog environments to develop criteria to
better identify the nature of planetary deposits from remote surface measure-
ments and orbiting spacecraft data.

The first chapter in this book by Jim Head discusses how our Viking-based
view of Mars has changed based on the new data we are receiving from the
current Mars missions. The rest of the chapters detail how specific rocks
and environments on Earth are studied in order to better interpret data
from Mars. I would like to thank all the authors that participated in this



Preface: the rationale for planetary analog studies iX

long-overdue book. The chapters in this book were improved by helpful
comments and suggestions from our peer reviewers and I appreciate and
want to thank for their time and efforts Devon Burr, Nathalie Cabrol,
Bill Cassidy, Dean Eppler, Sarah Fagents, Paul Geissler, Trent Hare, Jeff
Kargel, Lazlo Keszthelyi, Goro Komatsu, Nick Lancaster, John McHone,
Dan Milton, Bill Muehlburger, Kevin Mullins, Horton Newsom, Tom
Pierson, Jeff Plescia, Sue Priest, Susan Sakimoto, Ian Skilling, Jim Skinner,
Ken Tanaka, Tim Titus, Wes Ward, Lionel Wilson and Jim Zimbelman.

Mary Chapman






Contributors

E. Acs, Hungarian Danube Research Station of Institute of Ecology and
Botany of the Hungarian Academy of Sciences, God, Hungary

Jayne C. Aubele, New Mexico Museum of Natural History and Science,
Albuquerque, NM, USA

Victor R. Baker, Department of Hydrology and Water Resources, University
of Arizona, Tucson, AZ, USA

Nadine G. Barlow, Department of Physics and Astronomy, Northern Arizona
University, Flagstaff, AZ, USA

Geoffrey Briggs, NASA Ames Research Center, Moffett Field, CA, USA

D. Brunstein, CNRS UMR 8591, Laboratoire de Géographie Physique,
Meudon, France

N. A. Cabrol, Space Science Division, MS 245-3, NASA Ames Research
Center, Moffett Field, CA, USA; and SETI Institute, 515 N. Whisman
Road - Mountain View, CA 94043, USA

Mary Chapman, US Geological Survey, Flagstaff, AZ, USA

G. Chong, Departamento de Geologia, Universidad Catdlica del Norte, Avda.,
Antofagasta, Chile

Frangois Costard, UMR 8148 IDES, Université Paris-Sud, Orsay, France

Larry S. Crumpler, New Mexico Museum of Natural History and Science,
Albuquerque, NM, USA

C. Demergasso, Laboratorio de Microbiologia Técnica, Departamento de
Quimica, Universidad Catolica del Norte, Avda., Antofagasta, Chile

L. Escudero, Laboratorio de Microbiologia Técnica, Departamento de
Quimica, Universidad Catdlica del Norte, Avda., Antofagasta, Chile

Sarah A. Fagents, University of Hawaii at Manoa, Honolulu, HI, USA

D. A. Fike, Massachusetts Institute of Technology, Cambridge, MA, USA

Francois Forget, Laboratory for Dynamic Meteorology, CNRS, Paris, France

X1



xii Contributors

P. Galleguillos, Laboratorio de Microbiologia Técnica, Departamento de
Quimica, Universidad Catdlica del Norte, Avda., Antofagasta, Chile

Emmanuele Gautier, CNRS UMR 8591, Laboratoire de Géographie Physique,
Meudon, France

Brian Glass, NASA Ames Research Center, Moffett Field, CA, USA

Tracy K. P. Gregg, The University at Buffalo, Buffalo, NY, USA

1. Grigorszky, Debrecen University, Botanical Department, Debrecen, Hungary

B. H. Grigsby, Schreder Planetarium/ARISE, Redding, CA 96001, USA

E. A. Grin, Space Science Division, MS 245-3, NASA Ames Research Center,
Moffett Field, CA, USA; and SETI Institute, 515 N. Whisman Road -
Mountain View, CA 94043, USA

E. B. Grosfils, Department of Geology, Pomona College, Claremont, CA, USA

Andrew J. L. Harris, Hawaii Institute of Geophysics and Planetology,
University of Hawaii at Manoa, Honolulu, HI, USA

James W. Head, Department of Geological Sciences, Brown University,
Providence, RI 02912, USA

A. N. Hock, University of California Los Angeles, Los Angeles, CA, USA

Jennifer Jasper, NASA Ames Research Center, Moffett Field, CA, USA

Vincent Jomelli, CNRS UMR 8591, Laboratoire de Géographie Physique,
Meudon, France

Lazlo Keszthelyi, US Geological Survey, Flagstaff, AZ, USA

K. T. Kiss, Hungarian Danube Research Station of Institute of Ecology and
Botany of the Hungarian Academy of Sciences, God, Hungary

Goro Komatsu, International Research School of Planetary Sciences,
Universita’ d’Annunzio, Pescara, Italy

Ruslan O. Kuzmin, Vernadsky Institute, Russian Academy of Sciences,
Moscow, Russia

Nicolas Mangold, UMR 8148 IDES, Université Paris-Sud, Orsay, France

Lucia Maninangeli, International Research School of Planetary Sciences,
Universita’ d’Annunzio, Pescara, Italy

Alfred McEwen, University of Arizona, Tucson, AZ, USA

C. P. McKay, Space Science Division, MS 245-3, NASA Ames Research
Center, Moffett Field, CA, USA

D. Mége, Laboratoire de planétologie et géodynamique, Université de Nantes,
Nantes cedex, France

Jeffrey E. Moersch, Department of Geological Sciences, University of
Tennessee, Knoxville, TN, USA

Jason M. Moore, William Cotton & Associates, Los Gatos, CA, USA

Peter J. Mouginis-Mark, Hawaii Institute of Geophysics and Planetology,
University of Hawaii at Manoa, Honolulu, HI, USA



Contributors xiil

Horton E. Newsom, Institute of Meteoritics and Department of Earth and
Planetary Sciences, University of New Mexico, Albuquerque, NM, USA

Gian Gabriel Ori, International Research School of Planetary Sciences,
Universita’ d’Annunzio, Pescara, Italy

Jean-Pierre Peulvast, UMR 8148 IDES, Université Paris-Sud, Orsay, France

Scott K. Rowland, Hawaii Institute of Geophysics and Planetology, University
of Hawaii at Manoa, Honolulu, HI, USA

R. A. Schultz, Department of Geological Sciences, University of Nevada,
Reno, NV, USA

Virgil Sharpton, Geophysical Institute, University of Alaska, Fairbanks,
AK, USA

John L. Smellie, British Antarctic Survey, Cambridge, UK

Kelly Snook, NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA

K. Szabo, Edtvds L. University, Microbiological Department, Budapest,
Hungary

C. Tambley, Department of Astrophysics, Universidad Catolica del Norte,
Avda., Antofagasta, Chile

K. L. Tanaka, US Geological Survey, Flagstaff, AZ, USA

Thorvaldur Thordarson, University of Hawaii at Manoa, Honolulu, HI, USA

B. Toth, Hungarian Danube Research Station of Institute of Ecology and
Botany of the Hungarian Academy of Sciences, God, Hungary

Steven H. Williams, National Air and Space Museum, Smithsonian Institution,
Washington, DC, USA

J. Zambrana Roman, Servicio Nacional de Geologia y Mineria
(SERGEOMIN), La Paz, Bolivia

James R. Zimbelman, Center for Earth and Planetary Studies, National Air
and Space Museum, Smithsonian Institution, Washington, DC, USA






1

The geology of Mars: new insights and
outstanding questions

James W. Head
Department of Geological Sciences, Brown University

1.1 Introduction

The major dynamic forces shaping the surfaces, crusts, and lithospheres of
planets are represented by geological processes (Figures 1.1—1.6) which are
linked to interaction with the atmosphere (e.g., eolian, polar), with the
hydrosphere (e.g., fluvial, lacustrine), with the cryosphere (e.g., glacial and
periglacial), or with the crust, lithosphere, and interior (e.g., tectonism and
volcanism). Interaction with the planetary external environment also occurs,
as in the case of impact cratering processes. Geological processes vary in
relative importance in space and time; for example, impact cratering was a key
process in forming and shaping planetary crusts in the first one-quarter of
Solar System history, but its global influence has waned considerably since
that time. Volcanic activity is a reflection of the thermal evolution of the
planet, and varies accordingly in abundance and style.

The stratigraphic record of a planet represents the products or deposits of
these geological processes and how they are arranged relative to one another.
The geological history of a planet can be reconstructed from an understanding
of the details of this stratigraphic record. On Mars, the geological history
has been reconstructed using the global Viking image data set to delineate
geological units (e.g., Greeley and Guest, 1987; Tanaka and Scott, 1987;
Tanaka et al., 1992), and superposition and cross-cutting relationships to
establish their relative ages, with superposed impact crater abundance tied
to an absolute chronology (e.g., Hartmann and Neukum, 2001). These data
have permitted reconstruction of the geological history and the relative
importance of processes as a function of time, and determination of the main
themes in the evolution of Mars. Three major time periods are defined:
Noachian, Hesperian, and Amazonian. Although absolute ages have been

The Geology of Mars: Evidence from Earth-based Analogs, ed. Mary Chapman. Published by Cambridge
University Press. © Cambridge University Press 2007.



The geology of Mars: new insights and outstanding questions

Figure 1.1. Impact crater landforms and processes. (a) NASA’s Mars
Exploration Rover Opportunity landed on Jan. 24 on a small bowl crater
within the Meridiani Planum region later nicknamed “Eagle Crater.” After
about two months of examining rocks and soils within that crater, the rover
set out toward a larger crater informally named “Endurance.” During an
extended mission following its three-month prime mission, Opportunity
finished examining Endurance (1b), and explored a type of landscape to
the southeast called “‘etched terrain” where additional deposits of layered
bedrock are exposed. The underlying image for the map was taken from orbit
by the Mars Orbiter Camera (MOC) on NASA’s Mars Global Surveyor.
(NASA/JPL/MSSS). (b) This image taken by the panoramic camera on
the Mars Exploration Rover Opportunity shows the interior of the impact
crater known as “Endurance.” The exposed walls provide a window to
what lies beneath the surface of Mars and thus what geologic processes
occurred there in the past. While recent studies of the smaller crater
nicknamed “Eagle” revealed evidence for an ancient evaporating body of
salty water, that crater was not deep enough to indicate what came before
the water. Endurance explored this question in the rocks embedded in
vertical cliffs. Endurance is ~130 m across. Images such as these bridge the
gap between orbital views and sample analysis and provide an important
scale perspective when using terrestrial analogs. (NASA/JPL/Cornell).
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Figure 1.1. (cont.) (c) Nightime THEMIS IR image of a ~90 km diameter
impact crater along the northeastern margin of Hellas Basin. Bright areas on
the surface are warmer than dark areas. Bright areas along the rim of the
crater (and along the rim of the smaller superposed crater in the center of
the image) are likely to be exposed bedrock that show a higher thermal inertia
than the surrounding soil. Image: 107269009 (ASU). (d) Daytime THEMIS
IR image of the same crater in 1c. Surface temperature readings are largely
dependant on solar reflectance during the day, so small-scale variations in
surface composition are not as easily detected, but morphology is enhanced.
This combination provides important additional information in inter-
preting the surface process and geologic history. Image: 107987004 (ASU).
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Figure 1.1. (cont.) (¢) THEMIS Visible image V03679003 of a highly modi-
fied impact crater in the Adamas Labyrinthus region, within Utopia Planitia,
at43.9°N, 101.7° E. (ASU). (f) High Resolution Stereo Camera on board the
Mars Express spacecraft took this image of an impact crater to the west of
Mangala Valles and just south of its northern reaches (top of image), at 15°S,
205°E. (ESA). (g) The Haughton meteorite impact crater, on Devon Island,
Nunavut, in the Canadian high arctic, is 20 km in diameter and formed
23 million years ago. It is one of the highest-latitude terrestrial impact craters
known on land (75°22’ N, 89°41° W) and is the only crater on Earth known to
lie in a polar desert environment similar to that of Mars. Terrestrial analogs
such as these provide important information on the nature of impact cratering
and modification processes on Mars (see marsonearth.org; Image: obtained
via GSFC by Landsat 7, bands 4, 3, and 2).
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Figure 1.1. (cont.)

assigned to these periods (e.g., Hartmann and Neukum, 2001) (Noachian,
~4.65—3.7 Gyr; Hesperian, ~3.7—3.0 Gyr; Amazonian, ~3.0 Gyr to present),
lack of samples from Mars whose context and provenance are known means
that these assignments based on crater densities are dependent on estimates of
cratering rates and thus are model dependent. Further confidence in these
assignments must await a better understanding of the flux in the vicinity of
Mars and radiometric dating of returned samples from known units on the
surface of Mars.

Confidence in understanding the nature of the geological processes shaping
planetary surfaces is derived from: (1) data: the amount and diversity
of planetary data at hand, (2) terrestrial analogs: the level of understanding
of these processes on Earth and their applicability, and (3) physical modeling:
the manner in which planetary variables modulate and modify the processes
(e.g., position in the Solar System, which influences initial state, composition,
and solar insolation with time; size, which influences gravity and thermal
evolution; and presence and nature of an atmosphere, which influences
dynamic processes such as magmatic explosive disruption, ejecta emplace-
ment, lava flow cooling, eolian modification, and chemical weathering).
On Mars, our understanding of the geological history at the turn of the century
was derived largely from the framework provided by the comprehensive
coverage of the Mariner and Viking imaging systems (e.g., Mutch ez al.,
1976; Carr, 1981; Scott and Tanaka, 1986; Greeley and Guest, 1987; Tanaka
and Scott, 1987; Tanaka et al., 1992).
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Figure 1.2. Volcanic landforms and processes. (a) Lobate lava flows
from Olympus Mons. The relative timing of these volcanic flows and the
formation of the structural feature can be deduced by which flows are cut
by the fracture and which flows fill and cross the fracture. (THEMIS
V02064003; ASU) (b) Lava flows of Arsia Mons, the southernmost of
the Tharsis Montes. In this MOLA detrended altimetry data image, the
regional topographic slope has been removed and individual lava flows
become highlighted. The blacked out area represents the flanking rift zone
(lower lobe) and the summit edifice and caldera (upper portion of blacked
out area). These new data and modes of presentation provide important
tools in the mapping and comparison of lava flows to terrestrial analogs.
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Figure 1.2. (cont.) (¢c) The western part of the summit and flank of Alba
Patera, a massive shield volcano in the northern part of Tharsis. The MOLA
detrended topographic representation shows the western part of the summit
caldera and edifice, concentric faults, and the extensive western lava flow
complex. (d) Multiple calderas on the summit of Olympus Mons, the largest
volcano on Mars. Sequential collapse of the calderas can be assessed from
the cross cutting relationship, with the youngest being in the top right.
The surfaces of the caldera floors are flooded by lavas and then further
deformed by wrinkle ridges and graben. Width of the caldera in the upper
right is ~30 km. (THEMIS Visible image 104848014) (ASU)
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Newly acquired data sets (Mars Global Surveyor, Mars Odyssey, Mars
Exploration Rovers, and Mars Express) and increased understanding of
terrestrial analogs and their application are fundamentally and irrevocably
changing our view of Mars and its geologic history. Global high-resolution
topography, comprehensive high-resolution images, thermal mapping of rock
and soils types and abundance, enhanced spectral range and resolution,
mapping of surface and near-surface water and ice, probing of shallow crustal
structure, mapping of gravity and magnetic anomalies, roving determination
of surface geology, physical properties, geochemistry and mineralogy,
astrobiological investigations, and sounding of the subsurface are some of
the ways our understanding is changing. In this contribution, the current
view of the geology of Mars is summarized, some key outstanding questions
are outlined, and an assessment is made as to where changes from new data
and a better understanding of terrestrial analogs is likely to take us in the
near future.

1.2 Geological processes and their importance in understanding
the history of Mars

1.2.1 Impact crater landforms and processes

Impact craters (Figure 1.1) occur on virtually all geological units and in the
cases of older units, such as the heavily cratered uplands, basically characterize
and shape the terrain (Figure 1.lc,d), forming the first-order topographic
roughness of the Martian uplands (Smith ez al., 1999; Kreslavsky and Head,
2000). Several large basins (Hellas, Argyre, Isidis, Utopia) dominate regional
topography and crustal thickness. Impact craters cause vertical excavation
and lateral transport of crustal material, and future sample return strategies
will call on this fact to gain access to deeper crustal material. Ejecta deposit
morphologies in younger craters (e.g., Barlow et al., 2000; Barlow and Perez,
2003) provide important clues to the nature of the substrate and also reveal the
nature of the impact cratering process, particularly in reference to Martian
gravity conditions, presence of an atmosphere, and icy substrates. Impact
melts and ejected glasses are also likely to be important (Schultz and Mustard,
2004). Older impact craters provide clues to the types of modification
processes operating on landforms (e.g., Pelkey and Jakosky, 2002; Pelkey
et al., 2003; Forsberg-Taylor et al., 2004) (Figure 1.1c—f). Impact craters can
also be sites of long-term geothermal activity due to heating and impact melt
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emplacement, and can serve as sinks for ponded surface water (e.g., Carr,
1996; Rathbun and Squyres, 2002).

The number of impact craters forming as a function of time, the flux,
is a critical aspect of impact crater studies as it provides a link to absolute
chronology provided by radiometrically dated samples returned from well-
characterized lunar surfaces. Tanaka (1986) described the crater density of
a range of stratigraphic units on Mars, and Ivanov and Head (2001) discussed
a conversion from lunar to Martian cratering rates, which set the stage
for correlation of crater density with absolute age on Mars. Hartmann and
Neukum (2001) show that, in agreement with Martian meteorite ages,
significant areas of late Amazonian volcanic and other units have ages in
the range of a few hundred million years, while most of the Noachian
probably occurred before 3.7 Gyr ago. In the less reliably dated inter-
mediate periods of the history of Mars, Hartmann and Neukum (2001) use
the Tanaka er al. (1987) tabulation of areas (km?) resurfaced by different
geological processes in different epochs, to show that many processes,
including volcanic, fluvial, and periglacial resurfacing, show much stronger
activity before ~3 Gyr ago, and decline, perhaps sharply, to a lower level
after that time.

Future sample return missions must focus on the acquisition and return
for radiometric dating of key geologic units that can be characterized in
terms of the impact cratering flux. This step is of the utmost importance in
establishing the geologic and thermal evolution of Mars, and the confident
interplanetary correlation that will reveal the fundamental themes in
planetary evolution. Characterization of impact craters at all scales on
Mars is important to obtain a much more firm understanding of the
cratering process. Currently there are uncertainties in the nature of the
excavation process that influence the size frequency distribution and thus
the dating of surfaces. The role of volatiles in the process of excavation,
ejecta emplacement, and immediate landform modification is poorly under-
stood. New high-resolution data on the topographic, physical properties,
and mineralogic characteristics of impact craters and their deposits are
beginning to revolutionize our understanding of the cratering process on
Mars (Malin and Edgett, 2001), and radar sounding and surface rovers
will add significantly to this picture. Until this improved picture emerges,
the full potential of impact cratering as a ‘““drilling” and redistribution
process cannot be realized. Terrestrial analogs (Figure 1.1) must play a
critical role in contributing to this new understanding and the documenta-
tion of Earth impact craters in a host of different geological and climate
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Figure 1.3. Tectonic landforms and processes. (a) Tantalus Fossae, a graben
system, along the eastern flank of Alba Patera. Note that the lava flows and
channels are cut by the graben. (THEMIS Visible image V02625006) (ASU)
(b) Ridged plains of Lunae Planum located between Kasei Valles and Valles
Marineris in the northern hemisphere of Mars. Wrinkle ridges are seen along
the eastern side of the image. The broadest wrinkle ridges in this image are up
to 2 km wide. A 3 km diameter young fresh impact crater is also seen; the
sharp well-defined crater rim and the ejecta blanket contrasts with older more
degraded impacts (Figure 1.1) and is indicative of a very young crater that
has not been subjected to significant erosional processes. (THEMIS image
V01388007) (ASU)

environments on Earth (submarine, desert, polar, temperate) is beginning to
provide new insight (e.g., Barlow et al., Chapter 2 in this volume).

1.2.2 Volcanic landforms and processes

Early Mars space missions (Mariner 9, Viking) showed clearly the importance
of volcanic processes in the history of Mars (Figure 1.2). The huge
shield volcanoes of the Tharsis and Elysium regions, extensive lava plains
(Figure 1.2a—c), and low-profile constructs (paterae), permitted mapping
and characterization of the extent, timing, and styles of volcanism on
Mars (Greeley and Spudis, 1978; Mouginis-Mark et al., 1992; Greeley et al.,
2000a). Currently and in the near future, new high-resolution images



Geological processes and their importance in understanding the history of Mars 11

(Malin et al., 1998), information on surface compositions (McSween et al.,
1999; Christensen et al., 2000a, b), and topographic data (Smith ez al., 1998,
1999, 2001) provided by the Mars Global Surveyor are providing new
insight into Martian volcanism and permit comparison to theoretical
analysis of the ascent and eruption of magma on Mars (e.g., Wilson and
Head, 1994).

The majority of the ancient crust of Mars is certainly of magmatic (volcanic
and plutonic) origin but due to the role of heavy impact bombardment,
primary landforms such as flows and structures which might be vents, are
not observed in images of the oldest terrains. Thermal Emission Spectrometer
(TES) data suggest basaltic compositions for the Martian highlands
where most of the ancient crust is found (Christensen et al., 2000a, b). Thus,
impact, together with eolian and aqueous geological processes have modified
the highlands so extensively that morphological traces related to early putative
volcanism are not readily found with currently available data. Paterae are
some of the earliest recognizable volcanic features, including Tyrhenna,
Hadriaca, Amphitrites, and Pencus Paterae in the Hellas region (Greeley and
Spudis, 1978) and several in Syrtis Major (e.g., Hiesinger and Head, 2004).
Early eruptions are thought to have involved magmas rising through
water-rich megaregolith, leading to extensive phreatic-magmatic activity and
the emplacement of ash-rich shields (Crown and Greeley, 1993). Eruptions
were apparently followed by effusive activity, emplacing complex sequences
of flows which radiate from central calderas. Evolved lavas (Warner and
Gregg, 2003) and explosive volcanism may also have occurred in Tharsis
(Hynek et al., 2003).

One of the largest volcanoes in the Solar System, Alba Patera (Figure 1.2¢),
is a central vent structure covering more than 4.4 x 10° km?. Cattermole
(1987) described tube-and-channel fed flows and flows emplaced as massive
sheets on the edifice. It contains a caldera some 100 km across, the floor
of which includes small cones of probable spatter and pyroclastic origin.
Mars Observer Laser Altimeter (MOLA) data have enabled the detailed
morphology of the edifice to be understood and it is now clear that Alba
Patera shares some of the major characteristics of the younger Tharsis
Montes, with flanking rift zones and a complex summit (Ivanov and Head,
2001).

Tharsis Montes, together with Olympus Mons, represent the most
impressive volcanoes on Mars. These and related volcanoes on Tharsis
and those found in Elysium regions consist of more than a dozen major
constructs. High-resolution images show that most of these volcanoes were
built from countless individual flows, many of which were emplaced through
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Figure 1.4. Fluvial landforms and processes. (a) Dendritic valley networks to
the south of Tharsis in the Aonia Terra region. (THEMIS image V06907004)
(b) Outflow channels in southern Chryse Planitia. Sinuous channels are
seen to cut through cratered plains, sometimes sourcing in extensive collapse
areas. Downstream, hydrodynamically shaped islands are common and
the margins of the channels have undergone collapse in several places.
MOLA gradient map. (c) MOC high-resolution image of the north wall of
a 7 km diameter crater on the floor of the much larger Newton Crater
(~287 km across). This crater is only about seven times larger than Meteor
Crater in northern Arizona and these types of high-resolution images
illustrate how the scale gap between planctary images and terrestrial analogs
is closing. The north wall of the crater has many narrow gullies eroded into it.
These are hypothesized to have been formed by flowing water and debris
flows. Debris transported with the water created lobed and finger-like
deposits at the base of the crater wall where it intersects the floor. Many of
the finger-like deposits have small channels indicating that a liquid — most
likely water — flowed in these areas. The scene is illuminated from the left;
north is up. (MOC mosaic of three different images; near 41.1°S, 159.8° W,
NASA/JPL/MSSS.)

channels and lava tubes, and representing a style of volcanism analogous to
Hawaiian eruptions (Greeley, 1973). Multiple stages of magma ascent and
withdrawal are suggested by complex summit calderas (Wilson et al., 2001)
(Figure 1.2d). Some of the deposits in the Elysium region have a morphology
suggestive of lahars, i.e., emplaced as water-rich slurries (Christensen, 1989;
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Figure 1.4. (cont.)

Russell and Head, 2003). The subdued appearance of some of the Elysium
volcanic summits has been proposed as pyroclastic material, suggesting
plinian styles of eruption (Mouginis-Mark et al., 1982; Wilson and
Mouginis-Mark, 2001, 2003a, b; also on Tharsis; Scott and Wilson, 2002).
The flanks of Olympus Mons are marked by terrain which appears to have
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Figure 1.5. Polar, circumpolar, glacial, periglacial, and mass-wasting
landforms and processes. (a) Polar layered terrain in the north polar cap,
interpreted to consist of alternating layers of ice-rich (brighter) and dust-rich
(darker) material. Alternating layers are interpreted to be related to climate
change. The left image shows an angular unconformity in a layered outcrop
suggesting abrupt changes in the sequence of the layers caused by an interval
of erosion followed by resumed deposition. The unconformity represents
a break in the sequence of deposition, and thus a gap in the record; the amount
of material removed is unknown. The presence of the angular unconformity
indicates that before the upper, horizontal layers were deposited, there was a
period in which the lower layers were tilted and eroded. The image on the right
shows some of the north polar cap layers that that appear to have been folded
or deformed which can occur when layers flow as they adjust to the added
weight of subsequent deposition. (Image NASA/JPL/MSSS) (b) The north
polar cap of Mars overlies a basal unit represented by a series of layered
materials that have characteristics that contrast with the overlying bright
layers, which are thought to be dominated by ice and dust (a). The lower layers
are interpreted to be less icy and contain some amount of dark sand, which
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Figure 1.5. (cont.) can be seen to erode much differently than the
predominantly material. (83.9° N, 237.9° W; illumination is from the lower
left.) (MOC image: E0201209; NASA/JPL/MSSS) (c) Left and middle. Sketch
map and image of lobate viscous flow feature on a crater wall on Mars
(247°W/38.6° S) (MOC image M18/00898). North is at the top of the image,
and illumination is from the northwest. Right. Image mosaic of Mullins
Valley, within the Dry Valleys of Antarctica (77°54°S, 160°35W). This
debris-covered alpine glacier moves at very slow rates and is composed of
almost pure glacial ice lying below less than a meter of sublimation till in
which polygons have formed. (Images acquired by the CAMBOT camera on
the Airborne Topographic Mapper project; NASA/GSFC) (d) Geological
sketch map of the western Arsia Mons fan-shaped deposit (modified from
Zimbelman and Edgett, 1992) superposed on a MOLA topographic gradient
map (fan-shaped deposits: R, ridged; K, knobby; S, smooth) (other adjacent
deposits: SA, shield; SB, degraded western flank; SC, smooth lower western
flank; CF, caldera floor; CW, caldera wall; PF, flank vent flows from Arsia
Mons; P, undivided Tharsis plains). (e) Facies of the fan-shaped deposit and
possible terrestrial analogs. (a) Ridged facies; (b) Knobby facies; (¢) Smooth
facies; (a—c are Viking Orbiter images); (d) Drop moraines in the Antarctic
Dry Valleys; (e) Sublimation tills in the Antarctic Dry Valleys; (f) Rock glacier
in the Antarctic Dry Valleys (portions of USGS aerial photographs; TMA
3079/303, (d); 3078/006, (e); 3080/275, f; all 11-21-93). (f') Possible periglacial
features in Utopia Planitia (near 48.0° N, 225.7° W). Although the Martian
northern plains are often considered to be flat and featureless, this MOC
image shows pitted and fractured plains unlike anything found by MOC
elsewhere on Mars. A suite of sharply oulined pits and fractures indicate that
the upper surface materials are strong and indurated. The parallel and
polygonal alignments of fractures and pits indicate that this area has been
subjected to directional stress. The pits are interpreted to mean that ground ice
has been removed from beneath the rigid, upper crusted material.
(Illumination is from the lower left; MOC image E02-00880, NASA/JPL/
MSSS.) (g) Debris aprons surrounding massifs in the area on the eastern rim
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Figure 1.5. (cont.) of the Hellas Basin. Note the multiple debris aprons
and their convergence into multiple lobes flowing downslope. THEMIS
images superposed on MOLA topography. (h) Large wall slump and
landslide on the interior of Ganges Chasma. Such features are common in
the interior walls of Valles Marineris. Subframe of THEMIS image
101001001. (ASU) (i) Multiple wall slumps and landslides in THEMIS
image 101699006. (ASU)

failed by gravitational collapse, leaving mass wasted deposits covering
hundreds of thousands of square kilometers.

Volcanic plains, the youngest of which show flow fronts and embayment
into older terrains, represent by far the greatest areal extent and inferred
volume of volcanic materials on Mars and are thought to represent flood
eruptions. More problematic are the extensive ridged plains (e.g., Hesperia
Planum) characterized by wrinkle ridges (Figure 1.3b), and thought to be
analogous to mare basalts on the Moon. A wide variety of smaller volcanoes
(e.g., Plescia, 2000; Stewart and Head, 2001) and volcanic features are



Geological processes and their importance in understanding the history of Mars 17

15

L=

Figure 1.5. (cont.)

recognized on Mars, including possible composite cones, small shield
volcanoes and fields of small cones with summit craters. Many of these
cratered cones are analogous to structures called pseudocraters in Iceland,
which result from local phreatic eruptions as lavas flow over water-saturated
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Figure 1.5. (cont.)

ground (Frey et al., 1979; Greeley and Fagents, 2001). Indeed, the inter-
action of magma and groundwater and ice may have been critical in the
evolution of Mars and produced a host of landforms for which terrestrial
analogs are becoming increasingly useful (e.g., Chapman and Tanaka,
2001, 2002; Head and Wilson, 2002; Wilson and Head, 2002;



Figure 1.5. (cont.)

Chapman et al., 2003; Ghatan et al., 2003; Ivanov and Head, 2003; Wilson and
Mouginis-Mark, 2003a, b).

In summary, volcanic processes have operated throughout the history of
Mars, being particularly important globally in the Noachian and Hesperian,
and important regionally in the Amazonian (Tharsis and Elysium). Evidence
has been cited for geologically recent circumpolar volcanism (Garvin et al.,
2000) and volcanism appears to have occurred in the last few millions of
years (Hartmann and Berman, 2000; Berman and Hartman, 2002; Burr
et al., 2002; Werner et al., 2003). Very smooth terrain revealed by MOLA
(Kreslavsky and Head, 2000) in the Elysium and Amazonis areas corresponds
to very fresh platy flood basalt deposits and aqueous floods. Apparently,
radial dikes in Elysium have cracked the cryosphere and released ground
water and lava in the very recent history of Mars (Head et al., 2003). An
understanding of the nature of these unusual deposits has been possible



20 The geology of Mars: new insights and outstanding questions

only through the investigation of terrestrial analogs, such as the Laki fissure
eruptions in Iceland (Kestzthelyi et al., 2000) and many others (e.g., see in
this volume, Mouginis-Mark and Rowland; Crumpler ez al.; Keszthelyi
and McEwen; Fagents and Thordarson; Chapman and Smellie; Gregg;),
illustrating the importance of comparative field studies on Earth. The advent
of high-resolution images and topographic data have also permitted more
sophisticated assessment of lava flow rheologies (e.g., Glaze et al., 2003) and
comparison to terrestrial analogs (e.g., Peitersen and Crown, 2000).

1.2.3 Tectonic landforms and processes

Ample evidence for tectonic processes is seen in the morphology of the
Martian surface (e.g., Carr, 1981; Banerdt et al., 1992) (Figure 1.3). A variety
of structural features, both extensional (Figure 1.3a) (simple graben, complex
graben, rifts, tension cracks, troughs, and polygonal troughs) and contrac-
tional (Figure 1.3b) (wrinkle ridges, lobate scarps, fold belts) are testimony
to brittle failure of the crust and the lithosphere. The relative ages of features
may be dated by structural mapping and crater counts, but additional
information on topography and gravity is required to model loads and to
derive stresses in the lithosphere. The global dichotomy, formed early in
Martian history, is the most fundamental physiographic feature on the
planet and one or several mega-impacts (Wilhelms and Squyres, 1984; Frey
and Schultz, 1988) have been invoked to account for it, but recent MOLA-
based investigations (Smith ez al., 1999) did not find any single or several
large circular topographic depressions to confirm this hypothesis (except
for the Utopia basin, which had been speculated to be an impact basin
even in the pre-MGS era: McGill, 1989). Endogenic processes offer alter-
natives, and several convection or subduction mechanisms have been
proposed, including a plate-tectonic scenario (Sleep, 1994; but see Tanaka,
1995). An ancient phase of plate tectonics has also been proposed to explain
magnetic anomalies (Acuna et al., 2001) in the cratered highlands (Connerney
et al., 1999), although many alternate hypotheses are being considered to
explain these features. Detailed structural mapping of key locations (e.g., the
dichotomy boundary) required to further test the hypothesis is underway
with new MGS and Mars Odyssey data.

Graben structures on Mars are generally narrow (a few kilometers) and
long (ten to several hundred kilometers) and bounded by inward dipping
normal faults and related features (Banerdt er al., 1992; Mege et al., 2003;
Wilkins and Schultz, 2003; Schultz et al., Chapter 15 this volume)
(Figure 1.3a). Traditionally interpreted as purely tectonic features
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Figure 1.6. Eolian landforms and processes. (a) The north polar cap of Mars
is surrounded by fields of dark sand dunes. This MOC image shows several
dunes (dark) in the north polar region. The winds responsible for them blow
from the lower left toward the upper right. The picture is located near 78.6° N,
243.9°W. (Illumination is from the lower left; MOC image M0201403;
NASA/JPL/MSSS.) (b) A rugged surface southwest of Huygens Basin (near
20.1°8S, 307.3° W) covered by large windblown ripples or small dunes. Their
orientations indicate that the responsible winds came from either the
northwest (upper left) or southeast (lower right), or both. The more complex
ripple patterns within the two large craters result from local topographic

influences on the wind. (Illumination is from the upper left; MOC image
R0501809: NASA/JPL/MSSS.)

(e.g., Cailleau et al., 2003), recent studies have also emphasized the role
of radial dike emplacement in the formation of many of these features
(e.g., Wilson and Head, 2002; Head et al., 2003). More analogous to rifts on
the Earth are the wider (up to 100 km) and deeper structures (many kilometers)
that rupture the entire lithosphere (e.g., Tempe Terra, Valles Marineris,
and Thaumasia) (e.g., Lucchitta ez al., 1992; Hauber and Kronberg, 2001).
Wrinkle ridges, linear to arcuate asymmetric topographic highs (Figure 1.3b),
are the most common contractional structures and form patterns of
distributed deformation (e.g., Chicarro et al., 1985; Plescia and Golombek,
1986; Watters and Maxwell, 1986; Watters, 1988, 1993). MOLA topographic
data of the northern plains show a previously unreported system of ridges
generally concentric to Tharsis (Smith et al., 2001; Head et al., 2002), and a
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Figure 1.6. (cont.)

system of large contractional ridges and buckles to the south and southwest
of Tharsis have been described (Schultz and Tanaka, 1994).

Most observed tectonic features can be explained by regional-scale
deformation and by far the dominant element in Martian tectonics is the
Tharsis bulge (e.g., Carr, 1981; Banerdt et al., 1982, 1992; Anguita et al., 2001;
Lowry and Zhong, 2003). An abundance of extensional structures (simple
and complex graben, rifts, and troughs) radiate outwards from Tharsis which
is also the center of a concentric pattern of contractional structures (wrinkle
ridges) (Maxwell, 1982; Chicarro et al., 1985). Among the processes proposed
to explain the formation of the huge topographic bulge are domal uplifting
(e.g., Phillips et al., 1973; Carr, 1973; Hartmann, 1973), magmatic intrusion
(Sleep and Phillips, 1979, 1985; Willemann and Turcotte, 1982), and volcanic
loading (Solomon and Head, 1982) (see Meége and Masson, 1996 for a
comprehensive review). The concept of Tharsis as the center of volcano-
tectonic activity throughout most of its history is complicated by the fact that
there are several local and regional sub-centers and such centers seem to have
changed in space and time. Statistical analyses of recent hemispheric-scale
structural mapping indicate five successive stages of volcano-tectonic activity
in Tharsis (Anderson et al., 2001).

MGS gravity and topography-based lithospheric deformation models
appear to have simplified the stress states required to explain most of the
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tectonic features around Tharsis. Flexural loading stresses based on present
day gravity and topography appear to explain the type, location, orientation,
and strain of most tectonic features around Tharsis. These models require
the load to be of the scale of Tharsis and geologic mapping constrains the
load to have been in place by the Middle to Late Noachian (>3.8—4.3 Ga).
Thin layers within Valles Marineris interpreted as Late Noachian lava
flows (McEwen et al., 1999) are likely part of the load that caused the flexure
around Tharsis and an antipodal dome that explains the first-order
topography and gravity of the planet. The dichotomy boundary also shows
much evidence for tectonic modification and complex degradation.

1.2.4 Fluvial landforms and processes

Giant channels and smaller branching valley networks on Mars suggest
that unlike today (Hecht, 2002), the climate in the past may have supported
warmer and wetter conditions and precipitation and surface runoff (see, for
example, Masursky et al., 1977; Lucchitta and Anderson, 1980; Pieri, 1980;
Carr, 1981; Baker et al., 1992; Carr, 1996). This evidence (Figure 1.4) suggests
that liquid water was stable on the surface in the past (see, for example, Sharp
and Malin, 1975; Carr, 1981; Mars Channel Working Group, 1983; Baker
et al., 1992). There are many differences in size, small-scale morphology,
inner channel structure, and source regions compared to terrestrial analogs
on Earth, indicating that fluvial erosion on Mars has a distinctive genesis
and evolution. Martian valleys have been categorized as outflow channels,
fretted channels, runoff channels, and quasi-dendritic networks (see, for
example, Sharp and Malin, 1975; Carr, 1981). Researchers distinguish
between a fluvial channel (the conduit through which a river flows), a valley
(a linear depression), and a fluvial valley (generally contains many channels)
(e.g., Mars Channel Working Group, 1983; Carr, 1996) although the
terms outflow channels and valley networks are more commonly used to
characterize linear erosion features on Mars (Masson et al., 2001).

Outflow channels (Figure 1.4b) are up to tens of kilometers across and
reach lengths of a few hundreds to thousands of kilometers, with gradients
of channel floors ranging from 0 to 2.5 m/km (Baker et al., 1992).
Tributaries are rare, but branching downstream is common, resulting in an
anastomosing pattern of channels (Carr, 1996). The channels tend to be
deeper at their source than downstream and in general have high width
to depth ratios and low sinuosities (Baker et al., 1992; Carr, 1996). The
distribution of outflow channels is restricted to four main areas: the vicinity
of the Chryse-Acidalia basin (e.g., Rotto and Tanaka, 1995; Ivanov and
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Head, 2001; Williams and Malin, 2004), west of the Elysium volcano
complex in Elysium Planitia (e.g., Berman and Hartmann, 2002; Burr et al.,
2002; Fuller and Head, 2002; Plescia, 2003), the eastern part of Hellas basin
(Mest and Crown, 2001), and along the western and southern border of
Amazonis Planitia. Although all these channels are denoted as outflow
channels, their occurrence, source regions, and geological context differ.
Most around Chryse emanate fully developed from circular to elliptical
depressions termed chaotic terrain, which has formed by collapse rather
than by removal of material from above, indicating the involvement of
groundwater in the channel formation process. In Elysium, large
outflow channels originate at fractures oriented radial to the flanks of
the volcanic complex and some have a lahar-like nature (Russell and Head,
2003).

Catastrophic release of groundwater (Baker et al., 1992) is the origin most
frequently called on and outflow channel dimensions indicate discharges of
about 10’—10° m¥™! (Carr, 1979; Komar, 1979; Baker, 1982; Robinson
and Tanaka, 1990; Dohm et al., 2001), about two orders of magnitude larger
than the largest known flood events on Earth (the Channeled Scabland or the
Chuja Basin flood in Siberia; Baker, 1973; Baker ef al., 1992; see Chapters 11
and 12 this volume). Candidate processes include groundwater under high
artesian pressure confined below a permafrost zone which may break out,
triggered by events which disrupt the permafrost seal (e.g., such as impacts,
faults, or dikes) either by breaking the surface (e.g., Head et al., 2003) or
sending a large pressure pulse through the aquifer (Carr, 1979, 1995, 1996,
2002). A water release process through melting of ground ice by volcanic heat
may also operate (Baker et al., 1991).

Valley networks (Figure 1.4a), on the other hand, are common in the
southern highlands and are open branching valleys in which tributaries merge
downstream. Although they resemble terrestrial stream valleys they are far less
complex than their analogs on Earth (Carr, 1995). The number of branches is
low with large undissected areas between individual branches and the
networks themselves are spaced apart leaving large areas of undissected
highland between them (Pieri, 1980; Stepinski et al., 2004) indicating that
there has been little or no competition between adjacent drainage basins (Carr
and Clow, 1981). Their U-shaped form with flat floors and steep walls is
the main characteristic of individual branches. They are distinguished from
channels by the absence of bedforms (Mars Channel Working Group, 1983).
Some valley systems, such as Nirgal Vallis, are several hundreds of kilometers
in length and a few tens of kilometers wide with short accordant tributaries.
The majority of the valley systems, however, are typically no longer than



Geological processes and their importance in understanding the history of Mars 25

200 km and only a few kilometers wide. Valley networks are mainly located
in the cratered uplands at elevations ranging from 2 km to over 5 km. Some
drain into craters, but most start at local highs and drain as winding streams
with relatively large branch junction angles into low areas between large
impact craters where they terminate against smooth plains (Carr, 1995).
Another set of channel networks occurs on volcanoes such as Hecates,
Ceraunius, and Alba (Wilson and Mouginis-Mark, 1987; Mouginis-Mark
et al., 1988; Gulick and Baker, 1990).

Valley networks are much smaller than outflow channels indicating smaller
corresponding discharges. The pattern of dissection, the drainage develop-
ment, and the general valley morphologies are similar to those of many
terrestrial rivers and a similar origin by running water has been implied
(e.g., Craddock and Howard, 2002) with discussion centering on the relative
importance of runoff versus sapping (Sharp and Malin, 1975; Pieri, 1976,
1980; Carr, 1981; Baker, 1982, 1990; Laity and Malin, 1985; Goldspiel and
Squyres, 2000; Williams and Phillips, 2001; Grant and Parker, 2002; Irwin
and Howard, 2002). Consequently these features have implications for the
evolution of the Martian climate (Carr, 1983; Squyres, 1989; Baker et al.,
1991; Squyres and Kasting, 1994; for a summary see Baker ez al., 1992 and
Carr, 1996) and a simple explanation is that the valleys are old themselves
and the climatic requirements for valley formation were met early in the
history of Mars and rapidly declined during the subsequent evolution.
Based on the evaluation of high-resolution Mars Observer Camera (MOC)
images Malin and Carr (1999) concluded that the valleys were formed by
fluid erosion, and in most cases the source was groundwater. Alternatively,
some heat may have been provided by high global (Carr and Head, 2003)
or local (Travis et al., 2003) heat flux and melting of surface snowpack or
ground ice. Relatively young small-scale alcove-like gullies (Figure 1.4c¢)
combined with small channels and aprons in the walls of some impact
craters indicate that groundwater seepage or short-term surface runoff
may occur under recent climatic conditions (Malin and Edgett, 2000;
Gaidos, 2001; Mellon and Phillips, 2001; Andersen et al., 2002; Mangold
et al., 2003).

1.2.5 Lake and ocean-related landforms and processes

Abundant evidence for flowing water leads to the question of its fate (Clifford,
1993; Clifford and Parker, 2001). Numerous upland craters show evidence of
channels entering the crater and flat floors due to the apparent deposition
of sediment. These regions are interpreted to be the sites of standing bodies
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of water or lakes (e.g., Carr, 1996; Cabrol and Grin, 2001; Newsom et al.,
2003), sometimes with deltas (e.g., Ori et al., 2000) and recent MOC data
show evidence for layered deposits in many impact craters (e.g., Malin and
Edgett, 2000). Large outflow channels emptied into the northern lowlands
(and Hellas; see Moore and Wilhelms, 2001) and their floods must have left
extended deposits, large lakes, and possibly oceans. The northern plains cover
an older rougher terrain that survived as hills and knobs commonly outlining
old pre-plains impact craters. The plains are complex deposits probably
formed by many processes, such as sedimentation from outflow channels,
volcanism, and mass wasting from the adjacent highlands modified by
impact craters. Recent analyses using MOLA altimetry data suggest that
the present surface deposits (mostly the Hesperian-aged Vastitas Borealis
Formation) are underlain by Noachian-aged cratered surfaces (Frey et al.
2002). Early Hesperian ridged plains of volcanic origin, and the overlying
Late Hesperian Vastitas Borealis Formation which is at least 100 m thick
(Head et al., 2002; Kreslavsky and Head, 2002). Many of the detailed surface
features seen in MOC images seem to be recent and formed by action of
ground ice and debris mantles (see Kreslavsky and Head, 2000). Some features
surrounding the northern plains form contacts interpreted as ancient
shorelines (Parker er al., 1989, 1993) marking the boundaries of former
lakes or a northern ocean. Analysis of the elevations of the contacts and
surface roughness using MOLA data shows that some of these data are
consistent with the presence of a large standing body of water, while others are
not (Head et al., 1999; Carr and Head, 2003; Leverington and Ghent, 2004).
Terrestrial analogs for shoreline processes may provide the critical observa-
tions that will help inform the interpretations of the range of features seen on
Mars, and terrestrial analogs have also continued to be useful in studies of
aqueous flooding (e.g., Komatsu ez al., Chapter 13 this volume) and lacustrine
studies (e.g., Komatsu et al., Chapter 13 this volume; Cabrol, Chapter 14 this
volume).

1.2.6 Polar, circumpolar, periglacial, glacial, and mass wasting
landforms and processes

Study of the poles of Mars and related glacial and periglacial processes have
undergone a renaissance in recent years due to new data (Figures 1.5). More
sophisticated questions can now be posed (e.g., Clifford et al., 2000), and
the detailed geology of polar and circumpolar deposits can be assessed
(e.g., Vasavada et al., 1999; Fishbaugh and Head, 2000, 2001; Schenk and
Moore, 2000; Head, 2001; Head and Pratt, 2001; Kolb and Tanaka, 2001;
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Murray et al., 2001; Tanaka and Kolb, 2001; Byrne and Murray, 2002;
Fishbaugh and Head, 2002; Ghatan and Head, 2002; Koutnik et al., 2002;
Milkovich et al., 2002; Ghatan et al., 2003). The stratigraphy of the layered
terrain (Figure 1.5a), which holds the key to the recent climate history of
Mars, is becoming better known (e.g., Fenton and Herkenhoff, 2000), and the
structure and morphology of polar and circumpolar deposits is beginning
to reveal important characteristics of the south polar residual ice cap
(e.g., Thomas et al., 2000) and layered terrain (Head, 2001; Murray et al.,
2001). The north polar cap structure is now much more well known
(e.g., Fishbaugh and Head, 2000, 2001; Kolb and Tanaka, 2001; Tanaka
and Kolb, 2001; Byrne and Murray, 2002) and a major distinctive basal
unit has been discovered and documented (Figure 1.5b). Indeed, detailed
analysis (Bland and Smith, 2000) suggests that the poles of Mars may offer
future explorers the possibility of collecting meteorites typical of those in
circum-Martian space, just as polar explorers do in the Antarctic regions
of the Earth.

Permanently frozen ground (permafrost) and freezing and thawing of
the ground are the characteristics of periglacial surfaces on Earth (Tricart,
1968, 1969). On Mars, a number of surface features (Figure 1.5f) have been
attributed to these processes (e.g., Carr and Schaber, 1977; Squyres, 1978;
Lucchitta, 1981; Rossbacher and Judson, 1981; Lucchitta, 1985; Squyres and
Carr, 1986; Squyres et al., 1992; Carr, 1996) (Figures 1.6 and 1.7). Most of
these landforms are the result of freeze—thaw cycles in the active layer above
the permanently frozen ground which is not common under present Mars
climatic conditions (e.g., Carr, 1996). A wide range of terrain-softening
features are seen in a latitudinal belt between 30° and 60° (Squyres, 1979;
Squyres and Carr, 1986; Carr, 1996).

Lobate debris aprons with well-defined flow fronts and convex-upward
surfaces are seen at the upland/lowland boundary and extend from the
highlands and isolated mesas into the low-lying plains (Sharp, 1973)
(Figure 1.5g). In valleys, opposing walls confine material flows and the
flow fronts often converge to form lineated valley fill which resembles
terrestrial median moraines on glaciers (Carr, 2001). It is not clear, however,
to what level transverse versus longitudinal flow contributed to lineation
generation (Carr and Schaber, 1977). In some places, terrain softening
appears also in craters where material has moved down the inner crater wall
and probably formed concentric crater fill (Squyres, 1989; Jankowski and
Squyres, 1992, 1993). Lobate debris aprons have been interpreted to result
from gelifluction, frost creep (Carr and Schaber, 1977) or movement of
ice-lubricated erosional debris (Squyres, 1978; Pierce and Crown, 2003;
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Mangold er al., 2003). Viscous flow features on Mars also have been
compared to rock glaciers on Earth (e.g., Squyres, 1989; Colaprete and
Jakosky, 1998; Milliken er al., 2003), that are lobate accumulations of
angular rock debris that move downslope due to deformation of internal ice
or frozen sediments (e.g., Wahrhaftig and Cox, 1959; Barsch, 1988; Benn and
Evans, 1998; Degenhardt and Giardino, 2003; Whalley and Azizi, 2003).
Recent high-resolution MOC images (Carr, 2001) (Figure 1.5g) have shown
the importance of high-resolution data in the assessment of the floors of
channels and valleys and THEMIS and HRSC data show new evidence for
extensive viscous flow and suggest a much more important role for glaciation
than thought in the past (Figure 1.5).

Rampart crater ejecta is marked by distinct lobes and provides strong
evidence for subsurface ice or water (Carr, 1977, 1996; Carr et al., 1977,
Wohletz and Sheridan, 1983; Costard, 1989), although the entrainment
of atmospheric gases is a possible alternative mechanism (Schultz
and Gault, 1979). Costard and Kargel (1999) found a correlation between
craters with high mobility ejecta and their distribution at low altitude
particularly in areas of fractured ground and thermokarst, further support-
ing the idea that the formation of those craters is connected to subsurface
water or ice.

Fractured plains composed of giant polygons 30 km across (McGill, 1986;
Pechmann, 1980; Lane and Christensen, 2000) are located preferentially in
Acidalia, Elysium, and Utopia Planitiae (Pechmann, 1980). MOLA and MOC
data established the average width and depth of troughs bordering giant
polygons in Utopia Planitia, leading Hiesinger and Head (2000) to propose
a tectonic origin consistent with Pechmann (1980), who argued that thermal
contraction on Mars should be confined to the uppermost 10 m of the surface
and thus not to produce deep cracks. Much smaller polygons with diameters
of 10—100 m are abundant and are interpreted to be the result of thermal
contraction in ice-rich soils based on the similar scales as compared to
terrestrial ice-wedge polygons (Mutch er al., 1977; Evans and Rossbacher,
1980).

Thaw lakes and alases in Alaska and Yakutia have provided a basis for
comparison to some features on Mars (Sharp, 1973; Gatto and Anderson,
1975; Carr and Schaber, 1977; Theilig and Greeley, 1979; Lucchitta, 1981).
Earlier interpretations of Martian pits and depressions as thermokarst
features have recently received support from Costard and Kargel (1995)
and thermokarst processes have also influenced the surfaces of lobate
debris aprons and lineated valley fill (Mangold et al., 2000a, b). Pingo-like
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features on Mars have been reported by several authors (e.g., Lucchitta, 1981;
Rossbacher and Judson, 1981). Cabrol et al. (2000), Lucchitta (1982, 2001),
and Tricart (1988) found that some characteristics of the outflow channels
might be explained by ice sculpture. Springs generating icings, which began
to flow as glaciers, could have been the source, as well as rivers, floods, or
mudflows (Williams and Malin, 2004) that built ice dams and plugs moving
through the channel. Further examination of periglacial terrestrial analogs
is critical in analyzing and understanding these features.

Glaciation as a process to account for specific landforms on Mars has been
discussed by a number of authors (e.g., Allen, 1979; Clifford, 1980; Lucchitta,
1981; Tanaka and Scott, 1987; Baker er al., 1991; Head and Pratt, 2001).
Kargel and Strom (1992) argued that only glaciation can account in a simple
and unifying way for many of the features covering wide areas in Argyre,
Hellas, and the south polar region. Some of the most convincing morpho-
logical evidence for ancient glaciation on Mars are long sinuous ridges
analogous to terrestrial eskers (e.g., Kargel and Strom, 1992). Eskers are the
result of infillings of ice-walled river channels by subglacial, englacial, or
supraglacial drainage networks (Benn and Evans, 1998; Brennand, 2000).
Recent MOLA measurements of the heights and widths of the largest Martian
features seem to support the esker hypothesis. Head and Pratt (2001)
interpreted the Hesperian-aged Dorsa Argentea Formation to be the remnant
of a south circumpolar ice sheet that has since retreated by sublimation and
basal volcano-related melting and drainage. Channels emerging from the
vicinity of the margins of the Dorsa Argentea Formation flow downslope into
the Argyre Basin, apparently draining the meltwater (Head and Pratt, 2001;
Milkovich et al., 2002; Ghatan et al., 2003).

Moraines have also been tentatively identified by Lucchitta (1981) at the
base of the giant Martian shield volcanoes in the Tharsis region. Chapman
(1994) supported the earlier reports and found evidence for moberg ridges,
table mountains, and jokulhlaup deposits, proposing the existence of a paleo-
ice sheet northwest of the Elysium volcanoes in Utopia Planitia.

Head and Marchant (2003), following the earlier work of Lucchitta
(1981), interpreted the fan-shaped deposits on the northwest flanks of the
Tharsis Montes and Olympus Mons as the remnants of cold-based glaciers
(Figure 1.5d,e). The three facies commonly seen in association with these
deposits seem plausibly interpreted as drop moraines, sublimation tills, and
rock glaciers (Head and Marchant, 2003) (Figure 1.5d,e). The presence of
these tropical mountain glaciers seems contradictory to our understanding
of the current distribution of water and ice on Mars (Mellon et al., 2004),
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but their location appears to be plausible in the context of the behavior of
water in the atmosphere during periods of high obliquity (Richardson and
Wilson, 2002; Haberle et al., 2003).

Recent MOLA and MOC data have revealed the presence of a latitude-
dependent surface mantling layer (Kreslavsky and Head, 2000, 2002) that
appears to be highly correlated with distinctive morphologic features at certain
latitudes (Mustard et al., 2001). This deposit has been interpreted to be the
residual deposit of geologically recent ice ages, when the higher obliquity of
Mars caused mobilization of polar water ice and redeposition toward
equatorial regions (Head ef al., 2003). The presence of this deposit, and the
tropical mountain glaciers, suggest that the currently observed distribution
of ice stability on Mars (Feldman ez al., 2002; Mellon et al., 2004) may be
considerably different from what it has commonly been in the past. In addition
to an increasing awareness of the presence of water ice deposits and features in
the geological evolution of Mars, the role of carbon dioxide and its relations
with water in the volatile evolution of Mars has received new attention
(Hoffman, 2000).

Landslides and mass wasting are a major process in the degradation
of landforms on Mars (Figure 1.5h,i). Some of the most prominent examples
of large-scale mass wasting and landslides occur around the margins of
Olympus Mons (e.g., Francis and Wadge, 1983; Tanaka, 1985) and on the
floor of Valles Marineris. Landslides on the floor of Valles Marineris appear
to span a wide range of ages and the new altimetery data permit assessment of
rheological constraints (e.g., Harrison and Grimm, 2003). At the other end
of the spectrum, dry talus cones and dust avalanches occur over wide areas
of Mars (e.g., Sullivan et al., 2001; Gerstell et al., 2004). In all of these areas,
terrestrial analogs have been important in the interpretation and under-
standing of the landforms on Mars (e.g., see Costard ez al., Chapter 10 in this
volume).

1.2.7 Eolian landforms and processes

In the absence of currently known or abundant active volcanism, tectonism,
and running water on the surface, wind processes dominate the present
environment on Mars (Figure 1.6). Winds are capable of creating dust storms,
at times obscuring the surface from view despite the tenuous carbon dioxide
atmosphere (average surface pressure is 6.5 mbar). Earth-based and orbital
observations show that dust storms occur predominantly in the southern
hemisphere summer but data obtained from orbiters and landers show that
eolian activity can also occur at other seasons.
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Greeley et al. (1992) documented a wide variety of wind-related features
including wind depositional features, such as dunes (Figure 1.6a), and wind
erosional features, such as yardangs. Various albedo patterns, such as wind
streaks that change with time (e.g., Thomas et al., 2003), are the most common
eolian feature observed from orbit, while typical features seen on the surface
include rock-related features, called wind tails; both are considered to
represent the prevailing winds at the time of their formation and can be
mapped to infer wind directions. Many bright streaks are thought to form by
the deposition of dust in the waning stages of dust storms, while dark streaks
appear to result from erosion of windblown particles, exposing darker
substrate, or leaving a lag deposit of lower albedo material on the surface.
General circulation models of the atmosphere show that bright streaks
correlate with predicted regional wind directions (Greeley et al., 1993), while
dark streaks are influenced more by local topography. Images from MGS
show that mantles of windblown materials, inferred to be dust deposits settled
from suspension, can form both bright and dark surfaces (Edgett and Malin,
2000). Further, dunes and duneforms also occur as both bright and dark
features. eolian processes can both cover and resurface by deposition of
sediments (Arvidson et al., 2003), and uncover and expose by deflation and
exhumation (e.g., Greeley ez al., 2001; Fenton et al., 2003), processes that can
alter surface ages based on impact crater statistics. Eolian features and
deposits (duneforms, windstreaks, eroded craters, ventifacts) provide impor-
tant clues to past climates on Earth and Mars (e.g., Kuzmin et al., 2001;
Bradley et al., 2002) and analyses of present and past eolian activity can
give new insight into the evolution of the climate and atmosphere of Mars,
and the history of the polar and circumpolar regions (Howard, 2000;
Tanaka, 2000; Bridges and Herkenhoff, 2002). Detailed surface observations
(e.g., Greeley et al., 2000b; Golombek et al., 1999) and the high-resolution
data provided by the MOC (Figure 1.6b) have been instrumental in the
advancement of our knowledge (e.g., Edgett and Malin, 2000; Reiss et al.,
2004) and to help to improve our ability to compare to terrestrial analogs
(Greeley et al., 2002). Terrestrial analog studies have, in turn, significantly
informed us about interpreting the features on Mars (e.g., see Chapter 9 in
this volume).

1.3 Summary

A “new Mars” is beginning to emerge from recent spacecraft observations;
increased spatial and spectral resolution, greater areal coverage and syn-
optic views, detailed topographic data, knowledge of the distribution and
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state of water, more sophisticated atmospheric general circulation models,
and long-duration surface exploration (Golombek et al., 2003) all have
been helpful in establishing links between orbital remote sensing data
and terrain at the outcrop scale. These results have set the stage for the
much more sophisticated utilization of terrestrial analogs in deconvolving
the complex signal of the geological record and history of the planet, as
outlined in this volume for the full range of geomorphic landforms and
geologic processes.
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2.1 Introduction

Every solid-surfaced body in the Solar System except Io shows evidence of the
impact cratering process, and Comet Shoemaker-Levy 9 showed that impacts
can even temporarily leave their mark on gas planets. Earth’s active geologic
environment has erased much of its cratering record, particularly from the
early episode of high impact rates known as the late heavy bombardment
period (>3.8 Gyr ago). In comparison, ~60% of the Martian surface
preserves the late heavy bombardment record. Mars retains the most complete
record of impact cratering in the entire Solar System (Barlow, 1988) and these
craters display a range of morphologic features seldom seen on other solid-
surface bodies. Comparison of terrestrial and Martian craters provides a more
thorough understanding of impact structures: Mars preserves the pristine
morphologic features which erosion has largely destroyed for terrestrial
craters, but terrestrial studies allow us to understand subsurface structures and
materials resulting from impact for which we currently have no information on
Mars. Presence of an atmosphere and subsurface volatiles suggests that
crater formation may be more similar on these two bodies than between
Earth and Moon.

Understanding how impact craters form results from laboratory experi-
ments, computer simulations, nuclear and chemical explosions, and terrestrial
crater studies. Laboratory experiments were instrumental in realizing that
high-velocity impacts create approximately circular craters except at low
impact angles (Gault and Wedekind, 1979). Nuclear and large chemical
explosions provided the first opportunity to study the physics of crater
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formation (Oberbeck, 1977). Field studies of terrestrial impact craters
revealed that high-pressure mineral phases are diagnostic features of impacts
(Shoemaker, 1963). Computer simulations allow us to study the stages of
crater formation in various environments (Melosh, 1989). The combination
of these techniques continues to advance our understanding of crater
formation on Earth and other bodies.

2.2 Characteristics of impact craters
2.2.1 General characteristics of terrvestrial and Martian craters

The process of impact crater formation consists of three stages: (1) shock
compression of target material, (2) excavation and formation of a crater
cavity, and (3) post-event crater modification (Gault et al., 1968; Melosh,
1989). Crater formation is a very rapid process, reaching completion in
60—100 s for 40—80 km diameter craters (Melosh, 1989; Ivanov, 1999). Large
energies and pressures associated with impact crater formation produce
diagnostic features in target rocks which distinguish these structures from
depressions formed by other geologic processes.

Impact craters display a range of morphologic features as their size
increases. The smallest craters, called simple craters, display a bowl-shaped
appearance with little additional modification. The slightly larger complex
craters display more complicated structures, including central peaks/
central pits, wall terraces, floor deposits, and shallow depths. As crater size
increases, central peaks are replaced by an inner ring of mountains, called
a peak ring. The largest craters (basins) display multiring structures,
which result from excavation through a substantial portion of the body’s
lithosphere (Melosh and McKinnon, 1978). The transition diameter
between these different morphologies is largely dependent on the body’s
gravity, although target characteristics also contribute. On Earth, the transi-
tion between simple craters and complex craters occurs near a diameter of
2.5 km in sedimentary material and about 4.5 km in crystalline targets.
Peak ring morphology begins to appear in craters around 40 km in
diameter. No multiring basins have been conclusively identified on
Earth. The simple-to-complex transition diameter for Mars is estimated at
7 km (Garvin et al., 2002) while peak-ring basins begin to appear in 50 km
diameter craters and multiring basins appear at diameters larger than 300 km
(Strom et al., 1992).

Pristine impact craters are generally circular depressions with a raised rim
and surrounded by excavated debris (the ejecta blanket). The ratio of
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terrestrial crater depth to diameter decreases from about 1/5 for small simple
craters to 1/30—1/40 for the larger complex craters. The surrounding ejecta
blanket produced during crater excavation is derived mostly from materials
originally in the upper 1/3 of the crater (Melosh, 1989).

Morphometric properties of Martian impact craters are statistically differ-
ent from analogous features in lunar impact craters (Garvin et al., 2002;
Melosh, 1989). The depths of fresh Martian impact craters have been
determined using Mars Orbiter Laser Altimeter (MOLA) near-centerline
topographic cross-sections and gridded digital elevation models. Depths (d)
of simple Martian craters (in km) are related to the crater diameter (D)
(in km) by

d, = 0.26 D**7

while the depth—diameter relationship for complex craters between 7 and
110 km is given by

d. = 0.36 D*%°

These depths are shallower than the depths of lunar craters (ds = 0.196 D'-°*;
d. = 1.044 D°°"). Similarly the heights of central peaks in Martian
complex craters (h,, = 0.04 D*") tend to be greater than those in
lunar craters (i, = 0.0006 D'7). These differences cannot be explained
entirely by differences in gravitational acceleration, and thus target material
properties, particularly the presence of subsurface volatiles, are likely
responsible.

Earth’s active erosional environment rapidly degrades ejecta blankets
surrounding terrestrial craters, destroying primary morphologic features
and leading to considerable controversy as to whether ballistic or flow
processes are responsible for ejecta emplacement (cf., Horz et al., 1983;
Newsom et al., 1986). As noted above, ejecta material is primarily derived
from the top 1/3 of the crater depth and consists of a mixture of target and
meteoritic material, ranging in size from dust to large boulders. The thickest
and roughest part of the ejecta blanket lies within about 1 to 1.5 crater radii
from the rim and is called the continuous ejecta deposit. Thin, radially
extensive but patchy ejecta material and secondary craters may extend beyond
the continuous ejecta blanket to form the discontinuous ejecta deposits
(Melosh, 1989). A few terrestrial impacts contain tektites as part of their ejecta
deposits. Tektites are silica-rich (68—82% SiO,) black or green translucent
glass created from terrestrial materials during large impact events. They are
melted and ejected by the impact, solidifying into glass during passage through
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the Earth’s atmosphere. Four tektite-strewn fields have been identified
on Earth and source craters for three of the four have been identified: Ivory
Coast (Bosumtwi, Ghana), Central Europe (moldavites) (Ries, Germany),
North America (bediasites) (Chesapeake Bay, USA), and Australasia
(crater unknown) (French, 1998).

Ejecta blankets surrounding fresh Martian impact craters display a wider
range of morphologies than those seen on other planets. Most fresh impact
craters between ~3 and 50 km diameter display a unique type of layered
ejecta morphology, resembling a mud slurry (Barlow ez al., 2000). Smaller and
larger fresh craters are typically surrounded by a radial pattern, similar to
ejecta blankets seen around lunar craters. Two mechanisms have been
proposed to explain the formation of layered ejecta morphologies on Mars:
impact into and melting—vaporization of subsurface ice (Carr et al., 1977,
Greeley et al., 1980; Stewart et al., 2001), and ejecta entrainment in the thin
Martian atmosphere (Schultz and Gault, 1979; Barnouin-Jha et al., 1999a, b).
The diameter at which a particular morphology begins to appear
(the “onset diameter’”) and the lateral extent of ejecta (a measure of its
mobility at the time of formation) show correlations with latitude and depth of
excavation (Kuzmin et al., 1988; Costard, 1989; Barlow and Bradley, 1990),
which strongly support their formation through ground ice excavation.
In many cases, a flow-like ejecta pattern skirts the relief of pre-impact
terrain rather than being superposed as a mantle, which suggests ejecta
emplacement primarily as surface flow instead of a ballistically deposited
debris blanket.

Erosional processes gradually rework ejecta material, breaking down larger
debris and reducing vertical relief. Terrestrial and Martian impact craters
display a wide range of preservation states, from pristine to almost completely
destroyed. Pristine craters display sharp rims, some type of ejecta blanket,
crisp interior features such as central peaks and wall terraces, and little to no
evidence of floor deposits. As crater age increases and degradation occurs, the
ejecta blanket and interior morphologies are destroyed, the crater floor
becomes infilled with sedimentary deposits, and the rim is stripped away.
Eolian, fluvial, glacial, volcanic, tectonic, and impact processes have operated
episodically throughout terrestrial and Martian histories to produce this range
of crater degradation (Grant and Schultz, 1993a). Craddock and Howard
(2002) have developed models which simulate crater degradation due to
different geologic processes and compared the resulting topography with
MOLA profiles of Martian impact craters. Their results suggest that
precipitation could have played a major role in the degradation of craters
during early Martian history.
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Gravity and magnetic anomalies are often associated with impact craters.
These approximately circular anomalies result from intense fracturing and
refilling of the crater cavity with lower density breccias and impact melts.

2.2.2 Diagnostic features

Studies of terrestrial crater materials reveal that mechanical, thermal, and
chemical transformation of the target rocks during crater formation produces
a series of diagnostic features which can be used to confirm an impact
origin. These features include shatter cones, shock metamorphism, planar
deformation features, and high-pressure mineral phase transformations.

Shatter cones arise where shock pressures reach 20—100 kbar (Dietz, 1959;
Roddy and Davis, 1977). Shatter cones are curved, striated fractures forming
partial to complete cones in target rocks and they form when shock waves meet
the rock boundaries (Figure 2.1). Cone angles range from 15° to 120°, being
wider in massive and coarse-grained consolidated rocks and narrower in fine-
grained and soft rocks. The vertex of the cone in a fractured rock is oriented
towards the source of the advancing shock front.

Shock pressures of 50—150 kbar in quartz and feldspars create microscopic
fissures, called planar cracks. Higher shock pressures (up to 300 kbar) produce
planar deformation features by deforming the atomic structure, which affects
the optical properties of the mineral. Very high shock pressures can convert

Figure 2.1. Shatter cone from the Kara crater, Siberia (69° N 63° E). Image
courtesy of Teemu Ohman.
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the entire crystal into glass (Stoffler, 1972). These high pressures affect the
crystalline structure of minerals, converting quartz (SiO,) into the high-
pressure phases of coesite and stishovite and carbon into diamond and
lonsdaleite. Because stishovite and lonsdaleite cannot form in the pressure-
temperature environments of the terrestrial crust and mantle, their detection
is diagnostic of shock metamorphism resulting from impact.

Extreme energies and pressures associated with impact processes create
shock-metamorphosed rocks collectively known as impactites. Impact melts
are glassy fragments which were melted by the impact’s high temperatures
and pressures. Crushing and fragmenting rocks during the impact process
create breccias, which are rocks composed of angular fragments. Breccias
can be authigenic (derived in place from local target rocks) or allogenic
(derived from other locations). Breccias are characterized by the number
of fragment lithologies (monomict versus polymict), the character of the
fragments, and characteristics of the matrix (French, 1998).

2.2.3 Terrestrial crater studies and their implications to Mars

Because of their great size — and the energy levels required to generate
them — planetary-scale craters cannot be replicated in the laboratory. Current
technology cannot produce experimental projectile speeds faster than
~6 km s™', well below the expected range of most planetary impacts.
Additionally, there are substantial uncertainties in comparing centimeter-
scale craters produced in experiments to scales appropriate to planetary
cratering. Even with the high-resolution imagers at Mars today, the smallest
resolvable craters are two orders of magnitude larger than those that can
be generated in the laboratory. Furthermore, laboratory-scale experiments
cannot replicate the complexities in target conditions that planetary craters
experience. Consequently, extracting the implications of the morphological,
lithological, and structural variabilities shown in the Martian cratering record
requires access to detailed analysis that only terrestrial craters provide.

Barringer crater, Arizona, USA

Barringer, or Meteor Crater, Arizona (35°1’ N, 111°1’ W, Figure 2.2), is one
of the best-preserved impact craters on Earth (Shoemaker, 1963). The 1.2 km
diameter simple crater formed ~50000 years ago (Sutton, 1985) when an
~50 m iron meteoroid struck the Colorado Plateau. The target material
consists of 1400 m of nearly flat-lying Paleozoic and Mesozoic sedimentary
rocks, underlain by Precambrian crystalline basement. Rocks exposed at
Barringer crater consist of Permian Coconino sandstone, Permian Toroweap
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Figure 2.2. Oblique aerial photograph of Meteor or Barringer Crater taken
by David Roddy.

formation (interbedded sandstone and dolomite), Permian Kaibab Formation
(limestone, sandstone, and fossiliferous dolomite), and Triassic Moenkopi
sandstone and siltstone. All strata exposed in the crater walls are uplifted
and thickened; this deformation increases dramatically from the crater floor
to the rim.

The strata along the crater walls are broken by a number of small, almost
vertical faults with scissors-type displacement. Regional jointing appears to
have controlled the shape of the crater, since the diagonals of the crater’s
square shape coincide with the trend of the two major joint sets.

The rim rises between 30 and 65 m above the surrounding terrain. One of the
more remarkable contributions that Barringer crater studies have provided is
the presence of an inverted or overturned stratigraphic succession comprising
the crater rim (Figure 2.3) (Shoemaker, 1963). Particularly evident in the north
and east crater walls, the Moenkopi Formation has been folded back upon
itself, with the upper limb of the fold consisting of a flap that has been rotated
as much as 180° away from the crater.

Vestiges of the ejecta blanket consist of disturbed Moenkopi and Kaibab
strata, overlain by a sequence of Quaternary debris and alluvium. Target
stratigraphy is discernable in the radial distribution of rock types in the ejecta.
Near the crater rim, ejecta are enriched in fragments of the Coconino and
Toroweap layers. Kaibab-derived debris dominates an outer 100—300 m
wide annulus. Beyond this zone, and particularly evident to the south at



54 Impact structures on Earth and Mars

Coconino

Figure 2.3. Schematic cross section through the wall of Meteor Crater
showing inverted stratigraphy characteristic of the crater’s rim zone.
Modified from Melosh (1989).
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Figure 2.4. Aerial panoramic oblique aerial view of the Ries Crater (from the
south) shows the outline of the crater rim emphasized by clouds. The town
of Nordlingen is visible in the southwestern portion of the crater.
This historical image was provided courtesy of Rieskrater Museum,
Nordlingen, Germany.

distances of up to 1 km, lies a discontinuous series of deposits composed
primarily of Moenkopi fragments. Grant and Schultz (1993b) suggest that the
hummocky, lobate morphology exhibited by this ejecta deposit is primary,
leading to speculation that Barringer crater might be similar to Martian
layered ejecta craters.

Ries, Bavaria, Germany
Ries crater is located in Bavaria, southern Germany (48°53’ N, 10°37"E)
(Figure 2.4). The crater is 24 km in diameter and has a 12 km diameter
irregular inner ring composed of a few hills rising about 50 m above the
surrounding surface. The crater rim has a maximum elevation of ~200 m
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above the crater floor. Ries formed ~14.9 million years ago (Chao, 1977,
von Englehardt, 1990) from the hypervelocity impact of a stony
iron meteorite ~1 km in diameter. Although its size would suggest that
Ries should be a central peak crater, geophysical studies indicate that it is
morphologically consistent with a peak ring crater (Pohl et al., 1977).

The target rocks at Ries are a series of Triassic, Jurassic, and Miocene
sediments ~0.5 km thick. Excavation penetrated this sequence and uplifted
and excavated material from an underlying crystalline basement of granites,
gneisses, and amphibolites.

Ejecta deposits at Ries have retained close compositional affiliations with
underlying target stratigraphy (Table 2.1). Moldavite tektites formed during
the early stages of the impact event from unconsolidated sediments located at
the surface of the target sequence. The majority of what would be the
continuous ejecta deposit in planetary images is made up of “‘bunte breccia”
consisting of weakly shocked sedimentary rock fragments with a small
proportion of highly shocked crystalline basement fragments. The bunte
breccia shows clear signs of having been emplaced in a manner that
incorporated large amounts of the local target in a process of “ballistic
sedimentation” (Oberbeck, 1975). Brecciated but virtually unshocked mega-
blocks of sediments and crystalline basement form a discontinuous distribu-
tion within and around the crater.

Suevite, a clay-rich polymict breccia consisting principally of highly shocked
fragments derived from the basement sequence and impact melt inclusions,

Table 2.1. Characteristics of Ries crater ejecta units

Ries crater

ejecta unit Shock level Source level Ejecta characteristics

Moldavites Very high (completely Very shallow Discontinuous;
melted) range: 500 km“

Bunte breccia Weak Shallow Continuous blanket;

Range:“ to 40 km”
Thickness: <100 m”

Megablocks Weak Shallow and Discontinuous;
(monomict) deep Range:“ 6 to 100 km
Size: to 2 km
Suevite High (melt inclusions Deep Discontinuous(?);
and abundant solid Range: to ~25 km”
state changes) Thickness: <80 m”
“Measured from center of crater; ” presently.

Source: von Englehardt (1990).
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Figure 2.5. Ejecta layering at the Aumuhle quarry near the northern rim of
the crater. Dark lower unit is bunte breccia, light upper unit is suevite.

is common around the Ries. In several outcrops, suevite is preserved directly
in contact with the underlying bunte breccia (Figure 2.5). The smooth contact
between bunte breccia and suevite indicates that the suevites landed on the
ground as a high-density turbulent suspension of solid particles in vapor
(von Engelhardt et al., 1995). The suevite contains chimney-like degassing
pipes which have been proposed to result from devolatilization of the
basement inclusions (Newsom et al., 1986).

Applications to Mars

Martian impact craters appear morphologically similar to terrestrial craters at
the resolutions currently available. Detailed analysis of the mineralogy and
structure of terrestrial impact craters provides clues of what features we should
look for with future missions to Mars. Mars Global Surveyor imagery reveals
widespread sedimentary deposits (Malin and Edgett, 2000) and thermal
infrared analysis suggests that the major compositional units are “‘basalt” and
“andesite” (Bandfield er al., 2000). Diagnostic features useful on Earth such as
shocked quartz and high-pressure phases such as coesite and stishovite may
not be common on Mars due to compositional variations. However, other
features such as shatter cones and planar deformation features might be
present and distinguishable by rover instruments. Materials similar to suevite
and bunte breccia might be identifiable in Martian crater ejecta deposits by
rover missions and human explorers. Complete analysis of the mineralogic
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and lithologic properties of Martian crater materials will have to await the
return of samples to Earth. Subsurface sounding, such as that which will be
conducted by the Mars Express MARSIS and Mars Reconnaisance Orbiter
SHARAD instruments, may help constrain the geophysical characteristics of
Martian craters. Similarities and differences between terrestrial and Martian
craters will provide important new insights into how environment affects
crater formation.

2.3 Effects of volatiles on crater features
2.3.1 Martian craters

Martian craters are better analogs for craters on Earth than are lunar craters
because they form in the presence of an atmosphere and probable subsurface
volatile reservoirs. Atmospheres can be eroded by large impacts (Melosh and
Vickery, 1989) or enhanced by release of subsurface volatiles during impact
(Carr, 1996). Winds and atmospheric circulation help to disperse impact
debris and may play a role in the formation of certain ejecta features
(Barnouin-Jha ez al., 1999a, b). Atmospheres extend the geologic processes
operating on a planetary surface to include eolian, fluvial, and glacial
processes, which all operate to degrade craters and their associated ejecta
blankets. Impact into targets containing water and/or ice creates unique
features not seen on dry bodies such as the Moon.

Certain features associated with Martian impact craters are among the
arguments inferring the presence of subsurface volatiles (Carr, 1996). Global
mapping and statistical analysis of all Martian fresh craters in the 1—80 km
diameter size range have shown that onset diameters for layered ejecta craters
decrease from the equator towards the poles, indicating that the top of an
ice-rich layer lies at shallower depths at higher latitudes (Figure 2.6) (Kuzmin
et al., 1988). Qualitative information about subsurface ice distribution in
Martian permafrost as a function of depth and latitude has been determined
using the ejecta mobility (EM) ratio. EM is the ratio of layered ejecta diameter
to crater diameter and is believed to provide information about the relative
concentration of ice in the excavated regolith at the time of crater formation
(Mouginis-Mark, 1979, 1987; Costard, 1989). A strong correlation of EM
with latitude has been found: the ratio increases in a regular manner from
equatorial to polar latitudes in both hemispheres of the planet, being notably
higher in the northern hemisphere than in the southern.

Fresh Martian impact craters display three major types of layered ejecta
morphologies (Figure 2.7): a single layer of ejecta material (single-layer
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Figure 2.6. Proposed distribution of subsurface ice derived from Martian
crater analysis. (a) Distribution of layered ejecta morphology onset
diameters. (b) Relative ice content of Martian substrate as a function of
latitude and depth, as determined from the onset diameters of layered ejecta
craters with excavation depths up to 600 m.

ejecta, or SLE), two ejecta layers (double-layer ejecta, or DLE), and three or
more complete or partial layers of ejecta (multiple-layer ejecta, or MLE)
(Barlow et al., 2000). The subsurface volatile theory argues that the
SLE morphology results from impact into subsurface ice while the DLE
morphology results from impact into layered target materials with
varying concentrations of ice (Mouginis-Mark, 1979, 1987; Costard, 1989;
Barlow and Bradley, 1990). Processes responsible for the MLE morphology
are more controversial. Barlow and Bradley (1990) argue that excavation
depths and regional variations seen in the distribution of MLE craters
indicate this morphology results from excavation into liquid water reservoirs.
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Figure 2.7. (a) Example of a SLE morphology crater. Crater is 12.7 km in
diameter and located at 24° N 102° E. (THEMIS image 102493005) (b) DLE
crater, located near 43° N 212° E. Outer ejecta layer is prominent near bottom
of the image. (THEMIS image 103051002). (c) This MLE crater is 22 km in
diameter and located near 6° N 70° E. Note the central pit in this crater, which
may be another indicator of subsurface volatiles. (THEMIS image
103218002)

Alternately, recent hydrocode models suggest the MLE morphology results
from impact into ice and subsequent interaction of a vapor plume with the
atmosphere (Stewart et al., manuscript submitted to Nature). The distribution
of DLE and MLE morphologies generally correlates with surface loca-
tions interpreted to be H,O-rich, based on Mars Odyssey Gamma Ray
Spectrometer (GRS) results (Feldman et al., 2002; Mitrofanov et al., 2002),
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suggesting possible interactions between proposed deep volatile reservoirs
excavated by craters and the uppermost meter of Mars (Barlow and
Perez, 2003).

Layered ejecta morphologies are seen for craters in very specific diameter
ranges (Mouginis-Mark, 1979; Barlow and Bradley, 1990). SLE and DLE
morphologies are typically seen for craters 3—25 km in diameter while the
MLE morphology is associated with craters 25—50 km in diameter. There are,
however, strong latitudinal and regional variations. Viking image analyses
suggested that the smallest equatorial SLE craters were between 3 and 5 km in
diameter while closer to the poles the onset diameter was <1 km (Kuzmin
et al., 1988). Regional variations in the SLE onset diameter have been reported
(Boyce et al., 2000; Barlow et al., 2001). The DLE onset diameter appears to
be <3 km while that for the MLE morphology in equatorial regions is around
20 km (Barlow and Bradley, 1990). Using these onset diameters, the depths
to buried ice-rich reservoirs implied by SLE and DLE morphologies
is <250 m in equatorial regions and <100 m near the poles. If the MLE
morphology is due to excavation into liquid-water reservoirs, its onset
diameter implies that liquid-water may exist at depths of <1.5 km near the
equator.

Subsurface volatiles also have been implicated in the preponderance of
central pits within Martian impact craters (Figure 2.7) (Wood et al., 1978).
Barlow and Bradley (1990) noted that central pits are found preferentially
in craters superposed on the outer rings of multiring basins. These areas
would have undergone substantial fracturing during basin formation and
may have become repositories for enhanced volatile concentrations.

Craters at mid-latitudes ( £ 30—55°) typically exhibit more subdued features
than craters of similar age at other latitudes. Rims appear more rounded,
floor deposits are common, and the overall crater topographic profile is
more subdued. This is likely the result of quasi-viscous relaxation of
topography due to creep of ice-rich regolith (Jankowski and Squyres, 1992).
This creep process also may be responsible for the variations in crater
morphometric properties seen between the equatorial and polar regions
(Garvin et al., 2000).

2.3.2 Terrestrial craters in volatile-rich environments

Knowledge about the structure and composition of terrestrial impact craters
is necessary to understand the evolution of Martian impact craters and
those conditions under which they formed. We highlight three complex
terrestrial impact structures which have formed at various times and in
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different volatile-rich environments to demonstrate the variety of structures
which can be produced.

Haughton crater, northern Canada

Haughton (75°22’ N; 89°41’ W) is a 24 km diameter impact structure located
on Devon Island in the Canadian Arctic (Figure 2.8) (Robertson and
Grieve, 1978; Robertson and Sweeney, 1983). It is the northernmost known
terrestrial impact crater located in a permafrost environment. The crater is
23 Myr old (Jessberger, 1988) and formed in target rocks consisting of
Lower Paleozoic sedimentary rocks overlying the Precambrian metamorphic
basement comprising the Canadian shield (Grieve, 1988).

Geologic mapping reveals that the nearly flat Paleozoic sequence excavated
by the crater is ~1.8 km thick (Sharpton et al., 1998). These deposits consist of
limestone, dolomites, shale, carbonates, and gypsum. The sequence is under-
lain by undifferentiated Lower Ordovician-Cambrian shale, sandstone,
dolomite, and conglomerates. The central part of the crater consists of
a 3.6—5.5 km basin filled by allogenic breccias and surrounded by an interior
ring of uplifted rocks. Some of the rocks in the interior ring were uplifted
from ~600 m depth. The middle crater ring (14—15 km in diameter)
morphologically consists of a chain of hills, elevated 140—175 m above
the central basin. The exterior ring of the Haughton structure represents
the rim of an impact crater, which is elevated above the central basin floor
by about 200 m.

Figure 2.8. (a) The geographic position of Haughton Crater on Devon Island
in northern Canada. (b) Landsat view of the crater.
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Recent field studies within Haughton crater (Lee e al., 1998; Sharpton
et al., 1998) show several characteristics which make the crater a particularly
suitable terrestrial analog for similarly sized Martian craters in terms of
formation and subsequent modification. These characteristics include its
location in the Arctic permafrost zone with an arid, cool climate (similar to
modern climate conditions on Mars), impact-induced hydrothermal activity
(Osinski et al., 2001), and distinctive surface features associated with
periglacial processes. The general terrain morphology in the area of the
crater is reminiscent of terrain softening seen at mid-latitudes on Mars,
suggesting viscous creep of ice-rich regolith. Moreover, studies of the drainage
system developed within the crater are very useful for understanding fluvial
processes that have operated on Mars and which produced modifications seen
in many Martian craters (Figure 2.9). Paleo-lacustrian records found in
Haughton offer a possible analog to paleolake sediments which formed in
many older Martian craters (Lee et al., 1998). The high level of scientific
interest in Haughton crater is related to its wide suite of periglacial, fluvial,

Figure 2.9. Gullies seen along rim of Martian crater near 39° S 159° E. Similar
features in Haughton may provide important insights on the mechanism(s)
producing such gullies. (MOC Release image MOC2-388)



Effects of volatiles on crater features 63

mass-wasting, and paleo-lacustrian features and processes, which provide an
important analog to the variety of processes and features which have affected
Martian impact craters.

Popigai crater, Siberia, Russia

Popigai Crater is located on the northern part of the Middle Siberian
plateau (71°39°N; 111°11’ E) in the basin of the Popigai River, a tributary
of the Khatanga River (Figure 2.10). Field investigations and analysis of
existing geologic data convincingly show that the ~100 km diameter Popigai
depression is one of Earth’s largest impact craters (Masaitis et al., 1975).

Popigai formed ~35.7 Myr ago (Bottomley et al., 1997) and is now one of
the best-preserved complex craters on Earth. Target rocks consist of two
layers: the lower layer is dense Achaean gneiss with a thickness of about 15 km,
while the upper layer consists of less dense Proterozoic, Paleozoic, and

71°39°N
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Figure 2.10. (a) The geographic position of Popigai Crater in the Middle
Siberian plateau. (b) Shaded topographic map of Popigai. (c) Cross-section
of crater (from Masaitis er al., 1980). Legend: 1, coptoclastite; 2, suevite;
3, tagamite; 4, allogenic breccia; 5, Paleozoic and Mesozoic sedimentary,
volcanic-sedimentary, and igneous rocks; 6, Upper Proterozoic sedimentary
rocks; 7, Archean crystalline rocks; 8, authigenic breccias; 9, ruptured
disturbances (thrusts).
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Mesozoic sedimentary rocks about 1.2 km thick (Masaitis et al., 1975). The
crater has a circular-shaped negative gravity anomaly which stands out from
a general background of linear positive gravity anomalies associated with
crystalline foundation rocks. A negative magnetic field within the Popigai
depression has an isometric shape, which contrasts with the NW-trending
positive and negative anomalies caused by the composition and structure of
surrounding crystalline foundation rocks.

Primary structural features of Popigai are a 75 km diameter circular central
depression with a distinct 45 km diameter peak ring surrounded by a 60 km
diameter annular trough (Figure 2.10). The central depression cuts into rocks
of the crystalline foundation and is partially filled by a complicated 2 km thick
layer of impact melt and allogenic breccias. The floor of the depression
is 300—400 m lower than the surrounding plateau. Geophysical data suggest
a low central uplift (10—15 km diameter) in the main depression (Masaitis
et al., 1980). This central uplift consists of authigenic breccias covered by
a thick (<2 km) layer of suevite derived from Pliocene-Quaternary sediments
filling the crater.

Material covering the crater floor consists of two layers. The bottom layer
(< 1.5 km thick) contains blocky allogenic breccias which are cemented by
impact melt in places. These breccias are overlain by a stratum of impactites
<600 m thick. Impact diamonds, produced from graphite in the target gneiss,
are common in the impact-melt rocks (Masaitis, 1998). The crater center is
covered by suevite up to 1 km thick. Masaitis et al. (1975) estimate that the
rocks were subjected to a pressure of more than 600 kbar and a temperature
~2000°C. The total volume of preserved impact melted products is about
1750 km?® (Masaitis ez al., 1980).

The entire crater is surrounded by a 100 km diameter external moat, similar
to moats seen in MOLA profiles of Martian impact craters. The moat occurs
in intensively deformed sedimentary rocks. Beyond the moat is the ~150 km
diameter ejecta zone, preserved locally as allogenic breccias (Masaitis
et al., 1980; Masaitis, 1999). The ratio of the diameter of visible ejecta to the
crater diameter is about 1.6, similar to that of many Martian layered ejecta
craters.

Puchezh-Katunk crater, Russia

Puchezh-Katunk is one of the few terrestrial impact structures whose
ejecta may be a very close analog for layered ejecta craters on Mars.
Puchezh-Katunk (56°58’ N; 43°43’E) has a rim diameter of about 40 km
and its ejecta blanket extends to 80 km. The crater is ~175 Myr old (Masaitis
et al., 1996). Its interior structure indicates that Puchezh-Katunk is a typical
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Figure 2.11. Geologic-structural sketch map of Puchezh-Katunki impact
crater (from Mashchak and Naumov, 1999). The external lobate-like edge
of the allogenic breccia is easily noted. Legend: 1, Lower Triassic rocks;
2, Upper Permian rocks; 3, Vendian rocks; 4, Archean rocks; 5, undivided
unit of Permian, Carbonic, Devonian, Vendian, and Archean rocks; 6, surface
equal area lines; 7, external boundary of the allogenic breccia distribution;
8, external crater moat; 9, axis of the circular trench; 10, axes of the radial
trenches; 11, location of drilling holes.

complex crater (Figure 2.11). The central uplift (12—14 km basal diameter
and 2—2.5 km high) of crystalline basement is surrounded by a circular
trench and has a distinctive pit on the top, similar to the summit pits seen
on central peaks in some Martian craters (Masaitis, 1999; Mashchak
and Naumov, 1999). The crater’s ejecta blanket is overlain by a sheet of
variegated allogenic breccias (up to 200 m thick). The structural and textural
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characteristics of the breccia sheet suggest that it formed through the radial
flow of a mud slurry. Based on analysis of the structural-lithologic features of
the ejecta breccias, Masaitis et al. (1993) suggest that the ejecta was derived
from the water-saturated upper layers of sedimentary target materials,
perhaps similar to the emplacement of the Martian layered ejecta deposits.
The upper part of the moving slurry was very turbulent while the lower part of
the column consisted of laminar flow. Large blocks of carbonate rocks (with
significant shock features), originally ejected ballistically from the central part
of the excavated cavity, were engulfed as inclusions by the slurries and
transported as far as 25 km.

Paleogeographic reconstruction suggests the area at the time of impact
(Middle Jurassic) was a coastal plain with numerous lagoons and lakes. Thus,
waters that filled the crater depression immediately after its formation could
have washed in, and deposited, the thick sequence of suevites and polymict
breccias found in the crater center. Mineralogical studies of samples from the
central uplift zone show strong evidence of post-impact hydrothermal activity
during which central uplift rocks underwent a severe hydrothermal transfor-
mation at 7 < 350 °C (Naumov, 1999). Apparently, hydrothermal circulation
occurred within the sequence of heated crystalline rocks during percolation
of ground and surface waters and, as a result, a vertical zone now exists
with a smectite-zeolite mineral association replaced by chlorite-anhydrite.
Future Mars missions might look for similar mineral assemblages to deter-
mine the role of hydrothermal alteration in Martian impact craters.

2.4 Discussion

Studies of terrestrial impact structures provide important insights into the
fundamental mechanisms affecting formation and modification of Martian
impact craters. Topographic and high-resolution multispectral data are
providing new details about the morphologies and morphometries of
Martian impact craters. These new data, combined with continuing studies
of terrestrial impact structures and advanced computer models, are enhancing
our understanding of the environments in which these craters formed. This
multidisciplinary approach to studying Martian impact craters promises to
resolve many of the remaining questions about these features, such as the
mechanism responsible for formation of layered ejecta morphologies, what
morphometric variations imply about target characteristics, and the concen-
trations and physical states of subsurface volatiles which affect observed
crater features.
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volcanoes on Mars
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3.1 Introduction

The structure and morphology of Martian calderas have been well studied
through analysis of the Viking Orbiter images (e.g., Mouginis-Mark, 1981;
Wood, 1984; Mouginis-Mark and Robinson, 1992; Crumpler et al., 1996),
and provide important information on the evolution and eruptive styles
of the parent volcanoes. Using Viking data it has been possible, for numerous
calderas, to define the sequence of collapse events, identify locations
of intra-caldera activity, and recognize post-eruption deformation for several
calderas. Inferences about the geometry and depth of the magma chamber
and intrusions beneath the summit of the volcano can also be made from
image data (Zuber and Mouginis-Mark, 1992; Scott and Wilson, 1999). In at
least one case, Olympus Mons, analysis of compressional and extensional
features indicates that, when active, the magma chamber was located within
the edifice (i.e., at an elevation above the surrounding terrain). The summit
areas of Olympus and Ascraeus Montes provide evidence of a dynamic
history, with deep calderas showing signs of having been full at one time
to the point that lava flows spilled over the caldera rim (Mouginis-Mark,
1981). Similarly, shallow calderas contain evidence that they were once deeper
(e.g., the western caldera of Alba Patera; Crumpler er al., 1996). Some
of the best evidence for circumferential vents on Mars can be found on
Pavonis Mons, where several sinuous rilles can be identified that must have
originated from vents close to the rim (Zimbelman and Edgett, 1992).
Mouginis-Mark and Rowland (2001) reviewed the geomorphic information
for Martian calderas that can be determined from the Viking Orbiter data.

The Geology of Mars: Evidence from Earth-based Analogs, ed. Mary Chapman. Published by Cambridge
University Press. © Cambridge University Press 2007.
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They made certain predictions about what might be learnt from analysis of
higher spatial resolution data provided by the Mars Orbiter Camera (MOC)
and the visible camera that is part of the Thermal Emission Imaging
System (THEMIS), as well as the analysis of digital topographic data from
the Mars Orbiter Laser Altimeter (MOLA). MOC images have a spatial
resolution of ~1.5 to 6.0 m/pixel, and THEMIS visible wavelength images
have a resolution of 19 m/pixel; in both instances, this coverage is much
better than the 40—200 m/pixel data that were typically obtained by the Viking
Orbiters. As this chapter will show, these data do indeed provide a wealth of
new information on the structure and evolution of calderas on Mars, and
importantly this new information makes direct comparison between calderas
on Earth and Mars more instructive. Nowhere is this opportunity for utilizing
terrestrial analogs greater than with the four giant shield volcanoes in the
Tharsis region of Mars: Olympus, Arsia, Pavonis, and Ascraecus Montes
(Figure 3.1). This chapter concentrates on these four volcanoes and identifies
clear differences in the subsidence and/or infilling history of each. For each
key caldera feature we have identified a terrestrial analog. Coupled with field
observations of these analogs, MOC, MOLA, and THEMIS observations
provide new insights into the subsurface structure and magma supply rate
for each Martian volcano.

This comparative study also underscores the importance of continued study
of equivalent caldera features and processes on Earth. Although only one
large-scale caldera collapse event at a basaltic shield has occurred in the
historic record (the 1968 collapse of Fernandina caldera, Galapagos; Simkin
and Howard, 1970), fieldwork on terrestrial calderas continues to provide
insight into these dynamic features that can be applied to comparable features
on Mars. Few of the terrestrial examples have been studied with the goal of
furthering an understanding of their planetary analogs, thereby opening
the possibility of future productive analysis of calderas on basaltic volcanoes
on Earth.

In each instance in the following discussion, attention is drawn to how
particular terrestrial analogs are instructive for understanding the following
attributes of Martian calderas:

(1) The occurrence and distribution of intra-caldera slumps and avalanches;
(2) The variability in the location and size of multiple collapse centers;

(3) The occurrence of intra-caldera benches;

(4) Broad-scale sagging of the summit;

(5) The magnitude and variability in the tilting of caldera floors;

(6) The location and magnitude of intra-caldera eruptions.
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200 km

Figure 3.1. Location map for the Tharsis Montes. Image is a shaded relief
version of the 128th degree MOLA digital elevation model. Field of view
extends from 20°S to 50°N, and 210 to 270°E. The main volcanoes are
indicated (““O.M.” is Olympus Mons, “Ar.M.” is Arsia Mons, “P.M.” is
Pavonis Mons, “As.M.” is Ascraecus Mons, and “A.P.” is Alba Patera).

This chapter concludes with a more detailed description of the caldera at
Masaya volcano, Nicaragua. Here, multiple collapse events and ease of access
allow for detailed study of numerous collapse and infilling events and the ways
in which they interact. Many features at Masaya assist in understanding the
dynamics of Martian caldera floors.

3.2 Observations of deformation and infilling on the Tharsis shields
3.2.1 Arsia Mons

The interior of the Arsia Mons caldera (Figure 3.2a) is nearly horizontal,
varying in elevation by only ~300 m across the 110 km diameter caldera.
First recognized in low-Sun angle Viking images (Carr et al., 1977; Crumpler
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locations of Figure 3.2c and 3.4. (b) Image of the floor of Arsia Mons, derived
by stretching the MOLA elevation data such that black is at 16250 m and
white is at 16650 m. This rendition enhances a series of low hills extending
roughly north—south across the floor. (¢c) THEMIS VIS image of a cone on
the floor of Arsia Mons (see (a) for location). Box indicates the area of
coverage of the MOC image in (d). THEMIS frame no. V01453002 (d) MOC
image of an eclongate fissure at the summit of a lava shield on the floor
of Arsia Mons, see (c) for location. MOC frame number E1003391, image
resolution is 6.6 m/pixel.
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and Aubele, 1978), there is a series of low hills aligned in a general NNE—SSW
orientation across the caldera floor (Figure 3.2b). Similar intra-caldera hills
have not been found at any of the other large Martian volcanoes with the
possible exception of Ulysses Patera (Plescia, 1994). MOLA data show that
these hills are shield-like in morphology, with heights of ~200 m and basal
diameters of ~20 km, yielding average flank slopes of well less than a tenth
of a degree. THEMIS visible images confirm the interpretation of Carr et al.
(1977) that these hills are small lava shields. Each has an elongate crater at the
summit and a subtle radial texture consisting of lava flows, most of which
are <250 m wide (Figure 3.2c). MOC data reveal layers within the summit
craters (Figure 3.2d). Using Viking Orbiter images, Mouginis-Mark (1981)
identified a few individual lava flows on the NW inner wall and floor of the
caldera. Subsequent analysis of MOC and THEMIS data show that flow
margins are only visible on the floor immediately surrounding the lava shields,
no other flows are visible either in the limited coverage provided by MOC,
or the more extensive THEMIS coverage.

One of the best terrestrial analogs to this line of cones occurs on the floor
of Mokuaweoweo caldera, Mauna Loa volcano, Hawaii. Here, a line of
fractures runs across the floor of the caldera in an extension of the SW and NE
rift zones. At the SW end of this intra-caldera fracture system are two cones
that formed during the 1940 eruption (Macdonald 1954; Figure 3.3). These
cones have low-angle slopes near their bases, steepen upward, and are
considerably smaller than the intra-caldera shields of Arsia Mons. Flooding
of the floor by 1984 lava (Lockwood et al., 1987) has buried much of the lower,

Figure 3.3. Low lava shields capped by spatter cones on the floor of
Mokuaweoweo caldera, Mauna Loa volcano, Hawaii. View is taken in
1985 from the eastern caldera rim, looking southwest towards the cone of
1940, with the western rim of the caldera in the background. Notice that
the lower flanks of the cone have formed a low lava shield similar to the
examples found on the floor of Arsia Mons.
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gentler slopes of these cones, accentuating their overall steepness and making
them less similar in appearance to the Arsia Mons cones. However, it is
evident that the base of each 1940 cone is actually a low lava shield and
the upper (steeper) portion is a cap of spatter. Unlike the Arsia Mons cones,
the 1940 cones are fairly symmetric, but like Arsia Mons the 1940 cones
lie along a fundamental structural lineament of the volcano. THEMIS
data of the Arsia Mons caldera (Figures 3.2a and 3.4) show that the cones
lie along a structural trend that includes a breach in the SW caldera wall
through which voluminous lavas have issued and produced a lava fan on
the SW flanks (Crumpler et al., 1996) and a set of deep pits/fractures on
the NE flank that are associated with a similar lava fan. Additionally, this
generally SW—NE trend is the same as that along which Arsia, Pavonis,
and Ascraeus Montes are distributed. It is interesting to note that although
the intra-caldera Arsia Mons lava shields are located along this fundamental
trend, the elongate summit craters are in an en echelon orientation, showing
vergence to the east.

3.2.2 Pavonis Mons

The summit of Pavonis Mons contains an obvious, deep, roughly circular,
45—50 km diameter caldera, termed the “small caldera” by Crumpler et al.
(1996). Inspection of MOLA topography shows that the northern wall of
the small caldera is ~2700 m high, and the southern wall is ~4600 m high.
The floor of the small caldera is remarkably featureless and horizontal, with
a change in elevation across the floor of only ~40—50 m. Crumpler et al.
(1996) interpreted the lack of features on the small caldera floor to indicate
either a young age or mantling by dust. The walls of the small caldera are
bimodal in the sense that the western wall is characterized by numerous
slump blocks stepping from the western rim to the floor whereas the eastern
wall is essentially a single drop. Crumpler et al. (1996) interpreted the western
slumps as terraces but MOLA topography indicates that their top surfaces are
not horizontal. These slumps appear to be the result of post-caldera
mass-wasting and are very similar to those found on the northern wall of
the Fernandina caldera (Galapagos; Rowland and Munro, 1992).
Additionally, a larger but shallower collapse feature, the large caldera, can
be identified in Viking images, lying immediately to the north of the small
caldera (Figure 3.5). The large caldera is also roughly circular with a diameter
of 80—100 km. Unlike the deeper, small caldera it is much more structurally
complex. The west, north, and most of the east boundaries of this larger
collapse structure have a ridge-like morphology, down-dropped not only



Observations of deformation and infilling on the Tharsis shields 77

Figure 3.4. THEMIS image of six lava shields (arrowed) aligned across the
floor of Arsia Mons caldera. See Figure 3.2a for location. Note that the
summit of each shield has an elongate crater, but that this elongation
direction is not the same as the principal axis of the line of cones. THEMIS
image V04399002.

inward towards the center but outward and downslope as well. To the
southwest the margin is truncated by the small caldera. To the south the
obvious ridge-like margin becomes indistinct and Crumpler et al. (1996)
interpreted this to be due to burial by post-large-depression lava flows.
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Figure 3.5. THEMIS mosaic of the Pavonis Mons caldera, showing the small
and large calderas. Contours are derived from MOLA data, and are at 100 m
intervals. The lowest point of the small caldera is 9230 m above the MOLA
datum, and the high point to the south of the caldera rim is 14036 m.
THEMIS frame numbers 101639007, 102001008, and 102725005. WR1 to
WR3 are parallel wrinkle ridges, WR4 to WR6 are almost radial to a point
within the small caldera.

Numerous slightly arcuate faults occur in the south portion of the large
caldera. They are roughly parallel to the western margin and down-dropped
toward the center of the volcano. Most of these faults are truncated by the
small caldera. At least four eruptive vents are located in the vicinity of these
arcuate faults (Wood, 1979). The longest of these faults can be traced NE
almost all the way across the large depression. Within the large caldera are
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three roughly parallel, NW-trending, wrinkle ridges. The longest arcuate
fault cuts across the westernmost of three roughly parallel wrinkle ridges
(see below) and appears to truncate the other two although it does not
extend obviously to the easternmost one.

At least six wrinkle ridges can be identified within and just outside the
large caldera (Figure 3.5). These were interpreted as radial structures by
Crumpler et al. (1996); however, as noted above, three of them are parallel to
one another and therefore cannot be radial. A couple of the other wrinkle
ridges do have an orientation radial to a point in the NE part of the small
caldera but if all of them are considered together they are not in a radial
orientation. Instead, the three parallel wrinkle ridges lie along the same
fundamental NW—SE structural trend seen at Arsia Mons and along which
Arsia, Pavonis, and Ascracus Montes are located. Two more of the wrinkle
ridges are roughly parallel to this trend, leaving only one of the six that is
not. That these wrinkle ridges are cut by intra-caldera faults and possibly also
buried by lava flows indicates that they pre-date formation of the large
caldera. Additionally, at least one and perhaps a second of the wrinkle ridges
extends beyond the NE margin of the large caldera, making it unlikely that
it is associated with intra-caldera compression. The small caldera truncates
the large caldera’s outer margin, the arcuate faults, and the wrinkle ridges,
clearly making its formation the most recent large-scale tectonic event.

Neither the large nor the small caldera rim is at a constant elevation. Instead
the highest elevation of the rim occurs SW of the small caldera. MOLA topo-
graphy indicates that this southern part of the summit is the highest part of
the volcano (~14 050 m), supporting the idea that this is an area where recent
construction occurred. Such an offset was also noted at Olympus Mons
(Mouginis-Mark and Robinson, 1992), and Walker (1988) observed that
both Mauna Loa and Kilauea show a similar relationship. In both of these
Hawaiian examples the calderas are offset to the SE from the topographic
highest points on their respective volcanoes. This offset relationship may
develop for any of three possible reasons. First it could indicate that con-
struction by lava flows and pyroclastics was not favored directly above the
magma chamber, and instead non-vertical eruptive dikes were most common.
Second it might indicate migration of the magma chamber from an originally
more central location. Finally, consider a spherical magma chamber centered
within a right circular cone. The closest distance from the magma chamber
wall to the surface (and hence the thinnest carapace of solid rock) will not
be directly upwards but instead at an angle towards the side. It may be that
when collapse stresses are accumulating around an evacuated or partially
evacuated magma chamber it is these locations that are most likely to collapse.
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The large caldera at Pavonis Mons shows clear evidence of centripetal
sagging because its surface slopes inward. In fact, the center of the shallow
caldera is almost a kilometer (~840 m) lower than the outer edge of the floor.
This sagging has been noted in the exhumed Koolau caldera (Hawaii) by
Walker (1988) and attributed to the gravitational sinking of a cumulate
pile that develops within the core of the volcano.

3.2.3 Ascraeus Mons

The summit caldera complex of Ascracus Mons consists of four large,
coalesced collapse structures (Figure 3.6a), the deepest and most central of
which is the most recent (Mouginis-Mark, 1981; Crumpler et al., 1996).

Figure 3.6. (a) View of the summit area of Ascraecus Mons, showing the four
prominent collape pits that comprise the summit caldera. The location
of (b) is also shown. Image part of the Viking digital image model compiled
by the US Geological Survey. (b) Oblique view looking northward
across the caldera of Ascracus Mons. Image was derived by merging two
THEMIS VIS images (frame numbers V01464013 and V01826008) with
the 128th degree MOLA DEM. The main segment of the caldera is ~40 km
in diameter, and the height difference of the main wall at left is ~3.4 km.
Two different styles of collapse are evident in this image: (1) collapse as
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Figure 3.6. (cont.) individual pits and (2) progressive slumping as a series
of narrow slump blocks. The large arrow indicates an area where both
processes have occurred, with the slumping modifying the original pit. The
locations of the MOC data shown in Figure 3.9a and 3.9b are indicated, with
small arrows indicating the viewing directions. Vertical exaggeration is 8 x.

The four older calderas are located roughly to the NE, SE, SW, and NW of
the deepest central caldera. MOLA topography indicates that the floors of all
four of these older calderas are at different elevations, indicating either
that they were never continuous or that if they were, their order of most
recent collapse is in an order from currently shallowest to currently deepest
(NW, NE, SW, SE). The caldera of Karthala (Grand Comoros Islands)
is similarly complex and Mouginis-Mark and Rowland (2001) presented
an order of collapse feature formation based on a similar comparison of
floor depth.

As noted above the central caldera is the deepest and most recent, based
on the fact that it truncates the four more outer calderas. This central caldera
is ~24 km across and ~3.4 km deep, and presents evidence of significant
postformation mass wasting, on both large and small scales. Most notably,
more than half of the NE caldera has slumped into the central caldera,
producing a series of downward-stepping blocks separated by normal
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Figure 3.7. Air view of block faulting of the northern wall of Kilauea
volcano, Hawaii, beneath Volcano House. View is towards the NNW.
The height of the wall at this part of the caldera is ~120 m.

faults and deep fractures (Figure 3.6b). A very similar set of down-dropped
blocks occurs in the NE portion of Kilauea caldera (Figure 3.7). In the
Kilauea case, age relationships are clear and indicate that the current
caldera floor has ponded against and partially buried the slumped blocks.
Clearly this means that the caldera was at one time deeper and this correlates
with the earliest written descriptions of the Kilauea caldera, which can be
interpreted to suggest a caldera at least twice as deep as at present (Macdonald
and Abbot, 1970, pp. 69—77).

At the base of the lowermost of these NE slump blocks at Ascraeus
Mons, a narrow ridge has formed in the material filling the central caldera.
This has the form of a compressional feature and it may indicate that
some movement of the slump blocks occurred after the most recent central-
caldera resurfacing event. In contrast, the remaining walls of the innermost
caldera, both where they truncate the NW, SW, and SE calderas, as well as
where they truncate the entire edifice, consist of much steeper and more
continuous drops. Slump blocks do occur at these locations but their sizes
relative to the caldera walls are small. These smaller slump blocks are also
similar to those comprising much of the northern wall of the Fernandina
caldera (Rowland and Munro, 1992).

These different styles of post-central-caldera mass wasting are probably
due to different mechanical strengths of the wall material as well as to the
geometry of the youngest caldera wall relative to the older calderas that it
truncates. The central caldera only truncates a small portion of the
NW caldera, for example, and if the NW caldera walls angle inward
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Figure 3.8. Multiple benches within the caldera of Fernandina volcano,
Galapagos, can be seen in this view from the caldera rim, taken in 1989.
The height of the wall is ~900 m.

(which is likely) they will act against the tendency for the NW caldera
fill material to slump en masse into the central caldera. A similar argument
can be made for the SE caldera although the youngest caldera truncates
a slightly larger percentage of it. A terrestrial example of this situation occurs
at the SE end of the Fernandina caldera (Figure 3.8). Here a large, partially
infilled, pre-caldera pit crater was truncated by caldera formation. That
the pit crater existed prior to caldera formation and is not a down-dropped
block can be seen by the lack of correlation between layers exposed in the
pit-crater fill and in its back wall (Rowland and Munro, 1992). In this
case caldera formation truncated slightly more than half of the pit crater
and apparently sufficient support is provided by the remaining pit crater
walls so that the non-truncated fill material has not failed and collapsed
into the caldera.

On the other hand, the youngest caldera truncates more than half of both
the NE and SW calderas. Their remaining caldera walls probably dip
in the same direction normal to the unbuttressed material exposed by collapse
of the youngest caldera. They are therefore much more likely to collapse
into the youngest caldera. It is not immediately clear why this has occurred
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Figure 3.9. At left: (a) Portion of the SE caldera wall of Ascraeus Mons,
see Figure 3.6b for location. Notice also that the layering (“L”) in the
lower wall continues around to the left of this image (arrows). The location
of selected individual MOLA elevation measurements is shown (elevations
in meters). MOC image number MO080521, 4.40 m/pixel. At right:
(b) Portion of the northern rim of Ascracus Mons caldera. The field of
view includes approximately the top kilometer of the section. See Figure 3.6b
for location. Part of MOC image FHA-00952, 2.95 m/pixel.

at the NE caldera and not the NW. A MOC image of the southwestern
caldera rim shows multiple layers within the wall (Figure 3.9a). Four
prominent layers can be identified within a 315 m high section of the
crater wall, which has a total height of ~660 m. The average thickness is
therefore ~80 m. These layers can be seen to continue in the eastern wall of
the crater, indicating that the units are contiguous on a horizontal distance
of several kilometers; our preferred interpretation is that they are ponded
lava flows. In contrast, the northern wall (Figure 3.9b) plunges almost directly
to the caldera floor, and has a height of ~3375 m. This wall shows no similar
laterally extensive layering, and is instead characterized by spur-and-gully
morphology to a level ~1 km below the rim, followed by talus and then
larger slump blocks at the floor.

3.2.4 Olympus Mons

Mouginis-Mark (1981) showed that there are six major collapse structures
comprising the 60 x 80 km diameter caldera complex of Olympus Mons
(Figure 3.10). Viking Orbiter images first indicated that the central floor
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Figure 3.10. Image and contour map of Olympus Mons caldera. Topographic
profile oriented approximately NW—SE across Olympus Mons caldera,
derived from gridded MOLA data. Contour interval is 100 m. Location
of the profile is between points A and B. Vertical exaggeration is 20x.
The prominent down-sag on the floor is evident here, with the same unit
extending from foot of the caldera at point C to the center of the caldera
at point D. Small box indicates the location of Figure 3.11.
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Figure 3.11. Section of the floor of Olympus Mons caldera. See Figure 3.10
for location. Illumination direction is from the bottom of the image. The
sawtooth texture is a series of graben cut by a subsequent collapse
event, which now forms the bright wall at the bottom of this image.
These graben are up to ~90 m deep, and some contain boulders on their
floor (arrowed). Also shown is location of selected individual MOLA

elevation measurements is shown (elevations in meters). MOC image
number M0402248, 5.94 m/pixel.

of Olympus Mons’ caldera has subsided by more that 1 km with respect to
the perimeter of the caldera floor (Mouginis-Mark and Robinson, 1992;
Figure 3.10). As at Pavonis Mons, this sagging is analogous to that
documented at Koolau by Walker (1988). The largest and oldest of the
segments appears to have formed as a single large lava lake (Crater #l1
using the nomenclature of Mouginis-Mark, 1981). This part of the floor
is heavily fractured by numerous circumferential graben. A MOLA
profile reveals these graben to be ~90 m deep (Figure 3.11). Although the
entire 670 m high vertical extent of the wall of crater #4 is not imaged by
MOC, at least the topmost 170 m section of the wall shows no signs of
layering (Figure 3.11).

Calderas on active Hawaiian shield volcanoes are very dynamic features
(Decker, 1987) and represent the interplay between infilling by erupted
materials, collapse and sagging due to magma withdraw and the weight
of deep cumulate material, and inflation and deflation of active magma
chambers. Although large-scale sagging of caldera floors has not been
documented at active terrestrial volcanoes, the decrease in outer flank slopes
towards the rims of the Kilauea and Mauna Loa calderas suggests broad-scale
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Figure 3.12. Air photo (looking east) of the main caldera of Masaya.
San Pedro pit crater is in the foreground, then Nindiri, with Santiago crater
the most distant of the three connected pits. The isolated pit crater at top of
image is the Masaya pit. The two-lane road (R) on the rim gives sense of scale.
Dots and arrows give camera positions and viewing directions, respectively,
for Figures 3.13 and 3.14.

downward sagging (Rowland and Garbeil, 2000). The inward sagging
recorded in the lavas of Koolau volcano (Walker, 1988) also record this
gentle downward motion. That most active calderas do not show this behavior
in their caldera floors is almost certainly due to the regular resurfacing
that occurs.

Fortuitously, subsidence and the ability to observe the crater floor in
cross-section at Masaya volcano (Nicaragua) presents an opportunity to
study the same type of subsidence in the field. Masaya is a persistently active
basaltic volcano that comprises four main pit craters, which are named
(from east to west) Masaya, Santiago, Nindiri, and San Pedro (Figure 3.12).
Rymer et al. (1998) reviewed the geologic history of Masaya volcano, and
showed that lava lakes have been common features in historic times at this
volcano. Two lava flows have also been erupted (in 1670 and 1772 from
Nindiri and Masaya pits respectively) onto the northern flanks of the volcano.
Despite the large differences in scale, because of the striking similarity in
the evolution of Masaya and Olympus Mons, it is possible to investigate
the features of the Nindiri lava lakes to further elucidate the evolution of
calderas on Mars.
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3.3 Field investigation of terrestrial analogs: Masaya volcano, Nicaragua

There are numerous strong similarities between Masaya and the Olympus
Mons caldera. The most obvious comparison can be seen within Nindiri
crater (Figures 3.12 and 3.13), which is ~550 m in diameter. Nindiri crater
is partially filled by frozen lava lakes that formed between 1570 and 1670.
These comprise three main ponded units, units A, B, and C in Figure 3.13.
Assuming that the scale of deformation is valid, these three units subse-
quently sagged downward elastically before failure in a brittle fashion
along circular bounding faults (Figure 3.12), producing fractures that are
morphologically similar to the circumferential fractures seen around the
perimeter of the floor of Olympus Mons caldera (Mouginis-Mark and
Robinson, 1992; Zuber and Mouginis-Mark, 1992). The faults extend down
to the former (pre-1570) crater floor of Nindiri, where they widen into

San Pedro
(1858-59) :

. | 5 Santiago
A R i(1es8-59)
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Unsupsor'red: Elastic Flexure then Brittle Failure

Figure 3.13. Field photo of the eastern wall of Nindiri pit crater, taken
in February 2002, looking northwest towards San Pedro crater. The timing
of events run from (A) the eruption of the pre-1670 lavas, to (E) the eruption
of the 1852 flow that is now ponded within the subsided sequence of
lavas. The section height is about 300 m, but better field measurements
are needed of individual flow thickness in order to calculate the volume for
each eruption. See Figure 3.12 for viewing geometry.
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broad fracture zones on the north side and join with a few main faults on
the south side. The final unit in this sequence erupted into a nearly full
crater, such that lava spilled from a low point on the northern crater rim
to feed lava onto the outer flank. A more recent lava lake was subse-
quently erupted in 1852 onto the crater floor where it ponded within the
sag-structure.

San Pedro and Santiago pit craters formed subsequently, cutting the
lavas ponded in Nindiri. Fortuitously, these allow vertical sections in excess
of 300 m to be studied at the eastern and western edges of the pile. The
uppermost ponded unit, the 1852 unit, is ~20 m thick and has a diameter
of 268 m. This yields a bulk volume of 1.1 x 10° m®. Ponded units A, B,
and C have a total thickness of ~100 m which, with a diameter of ~550 m,
gives a combined bulk volume of 7.6 x 10° m>. Units A, B, and C, as well as
the 1670 overflow unit, all appear to have sagged together. For such elastic
sagging to have occurred, it is necessary that all three units must still
have been molten at the time of deformation. This means that they must
have been erupted in close succession. At the 1963 Alae lava lake (Kilauea,
Hawaii) the 980 °C isotherm, the boundary between the brittle and molten
layers in the lake, increased in depth (d) depending on d = 0.00132 /¢ — 0.18
(Peck, 1978). Given a ~30 m thickness for the lowermost Masaya unit,
and assuming that the magma effusion rates of Masaya and Kilauea are
comparable, this places a limit of ~16 years on the maximum age difference
between the oldest, lowermost, unit (A) and the youngest, uppermost, unit (C).
It is, however, likely that heating and insulation by B and C prolonged the
ductile lifetime of A.

The following sequence of events can be inferred. The three thick
lava pond units erupted over a <16 year time span. The final eruption in
this sequence (possibly intra-caldera activity) poured into a full crater
such that lava overflowed the northern rim. Withdrawal of shallow
conduit magma, contraction due to degassing, thermal contraction, or
compaction of the underlying talus at the end of this eruption sequence
caused these units to then sag and fail together. Finally, after a hiatus
of 82 years the 1852 eruption ponded in the sag-structure. Following
1852, the San Pedro and Santiago pit craters formed (Rymer et al., 1998).
These craters are 260 and 280 m deep and 358 and 494 m wide,
respectively, giving volumes of 3.6 and 5.4 x 10’ m>. These volumes are
far in excess of the Nindiri lava lake volumes. Thus drainage of these voids
must also have involved flank eruptions and/or drain-back into the deeper
system.
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3.4 Implications for Mars

The terrestrial features and insights presented here can be used as guides
and analogs when examining Olympus Mons, where the Martian lakes and
pit craters may have formed in a similar way. There are, however, some
drawbacks. If Nindiri crater is an analog to the summit of Olympus Mons,
extensional features should be found around the perched outer perimeter
of the crater and compressional features towards the center. Much of the
surface of each of the Nindiri lakes is buried by more recent units or tephra,
making it difficult to construct a geologic map of the 1570—1670 units and
the 1852 ponded lava flow within Nindiri. This creates problems when
trying to identify any extensional and compressional features that may have
formed due to continuing subsidence of the underlying surface. However,
some surfaces are accessible from the southern or northern rims. Here
parts of the lake surface exposed at these locations have numerous surface
features that warrant close inspection as they may have Martian analogs
(Figure 3.14).

Mouginis-Mark and Robinson (1992) identified a transition between an
extensional regime around the outer parts of the Olympus Mons caldera
floor that was replaced by a compressional environment closer to the center of
the caldera. This distribution of tectonic features was then exploited by Zuber
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Figure 3.14. View of the 1852 ponded lava flow in Nindiri crater, as seen from
the south in February 2002. The diameter of Nindiri crater is ~1 km. Note the
circumferential graben (arrowed) on the far side, and various small-scale
topographic features on the floor. See Figure 3.12 for viewing geometry.
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and Mouginis-Mark (1992), who used a finite-element model to calculate the
probable depth to the roof of the magma chamber at the time of subsidence.
Zuber and Mouginis-Mark (1992) calculated that the magma chamber roof
was ~16 km beneath the floor of the solidified lava lake, placing the
magma chamber within the 20 km high volcanic edifice. The cooling histories
of terrestrial and Martian lava lakes may be different, due at least to the
absence of percolating rainwater on Mars. Even if the deep interior of lava
ponds on both planets is liquid for the same time, some of the exterior units of
terrestrial examples should be much colder for a given time and, therefore,
should have failed more easily in a brittle fashion. Brittle deformation may
thus take longer to initiate on Mars. Such detailed comparisons await future
modeling efforts.

It is also important to understand the relative timing between different
collapse events on Mars, because they are probably indicators of the magma
production rate, and hence the total age of the volcano (Wilson et al., 2001).
Given that we have evidence for elastic failure of the Olympus Mons floor, we
can suggest that the crater floor deformed while the lake was still mostly
molten, as at Nindiri. Although it is highly likely that the cooling conditions
of lava lakes on Mars were different from those on Earth, it is possible that
the subsidence took place only a few years after the lava lake was formed
and was thus at a high enough temperature to allow elastic deformation.
Brittle deformation, however, is more likely to imply a longer time period
between lava lake emplacement and collapse. The extreme case, as discussed
by Wilson et al. (2001) is that the magma chamber freezes between events so
that a new cycle of magma chamber formation, lava eruption, and pit crater
collapse has to take place.

Some volumetric and thermal constraints can also be placed on the
sequence of events. As at Masaya, by calculating the time it takes for a lake
of a given thickness to completely cool below the brittle—ductile transition,
the maximum time can be calculated during which plastic deformation can
occur (i.e., plastic deformation could only occur while the lake core was
still partially molten). This time estimate is relevant to other Martian lava
lakes that underwent plastic deformation, which should be recognized as
bowl-shaped surfaces in the MOLA elevation measurements. For instance, the
caldera floor of Ascraeus Mons reveals several thinner ponded lava flows
(Figure 3.9) compared to Olympus Mons (Figure 3.11). Five prominent layers
can be identified within a 315 m high section of the wall of the Ascraeus Mons
crater (Figure 3.9). This implies an average thickness of the ponded lavas
of ~63 m. Given the Alae relationship of Peck (1978) this thickness would
take ~70 years to freeze. Reconstructing an original diameter of ~20 km for
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this crater (number 3 of Mouginis-Mark, 1981) implies an average volume
for each ponded layer of ~19.8 km?. Using the same hypothetical dimensions
for an equivalent lava flow on the flanks (i.e., 50 m thick and 10 km wide)
as Olympus Mons would suggest that a single intra-caldera eruption of
Ascraeus Mons might have produced a flow ~40 km long, which is typical
of lava flows observed on the flanks (Zimbelman, 1985).

3.5 Conclusions

The data for the Tharsis Montes provided by MOC, THEMIS, and MOLA
present unparalleled new opportunities for the identification of different
stages in the evolution of Martian calderas. Fieldwork on terrestrial volcanoes
also points the direction for further studies. A key component of the terrestrial
studies is that they provide a temporal view of the way that calderas evolve,
which no doubt has been an important factor in the development of sag
features at both Olympus and Pavonis Montes. By virtue of the frequent
eruptions at Kilauea, Fernandina, Masaya, and Mauna Loa, it is possible to
better understand which landforms can form rapidly (such as a caldera
collapse) or the longer-term subsidence of the caldera floor. This current
survey using THEMIS and MOC images is inevitably limited to areas where
image data have been obtained, and where the lighting geometry allows
the identification of structures. Furthermore, because image data are still
being acquired through at least the spring of 2004, additional scenes not
included in this study will become available. An important aspect of any future
study of planetary calderas would be an attempt to identify the three-
dimensional extent of some of the units identified here, particularly those
revealed in the walls of the Olympus Mons and Ascracus Mons calderas.
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4.1 Introduction

The arid climate, extensional rift setting, range in type and age of volcanic
eruptions, and generally widespread and geologically youthful volcanism in
New Mexico contribute to an environment rich in geologic processes and
landforms analogous to many of those on Mars. Young (<5 Ma) volcanoes
and associated volcanic rocks are more widely distributed throughout the
state than in many other volcanic localities on the North American continent.
All of the principal volcanic landforms occur including long lava flows,
viscous domes, calderas, composite volcanoes, monogenetic scoria cones,
small shield volcanoes, and numerous hydromagmatic vents. The morphol-
ogies, volcanic emplacement processes, and dissected structures, and the arid
environment, result in many volcanic landforms analogous to those on Mars.
These features provide some clues to the details of geologic processes respon-
sible for their Martian counterparts that are uncommon in areas where
volcanism is less abundant and where the environments are less arid.

The largest young caldera (Valles Caldera), largest young lava flows
(McCartys and Carrizozo), abundance of Quaternary volcanic fields,
volatile-rich magmatism, including non-juvenile (maars) and juvenile types
(Shiprock-Narbona Pass), spring deposits, and one of the great modern rift
valleys on Earth (Rio Grande rift) occur in an arid setting where annual
precipitation is between 8 and 15 inches (20—40 c¢cm) per year. Combined
with arid dissection and eolian in-fill, these contribute to a landscape that
mimics the appearance of many volcanic terrains on Mars. In addition to
surficial geologic processes, the interaction between subsurface ground water
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flow and emergence with the arid climate results in spring deposits that may
be analogs for Martian groundwater circulation.

4.2 Distribution and characteristics of volcanism in New Mexico

New Mexico is divided into several broad geologic provinces: Rio Grande rift,
Colorado Plateau, Eastern High Plains, Rocky Mountains, and Basin and
Range. In New Mexico, volcanic landforms occur in all of these provinces
(Figure 4.1). The most recent volcanism is associated with the Rio Grande rift
and Colorado Plateau margins, whereas slightly older mid-Tertiary volcanism
occurs within the Basin and Range, Rocky Mountains, and Colorado Plateau
interior. Several dominantly basaltic and recent volcanic fields occur on the
margins of the Rio Grande rift or within the rift interior: the Taos Plateau

- Volcanic Rocks < 5 Ma
|:' Volcamc Rocks > 5 Eﬂ

l‘ O young caldera
@ identified cauldron (eroded caldera)

Figure 4.1. Distribution of late and middle Cenozoic volcanic rocks in New
Mexico. The presence of a diverse range of volcano morphologies, the arid
climate, and one of the few great continental rift valleys on Earth results in
many volcanic landforms and processes that are analogous to those on Mars.
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field, the Cerros del Rio field, the Jemez field, volcanoes within the
Albuquerque basin part of the rift, and scattered fields and lava flows
within the southern rift such as the Jornado del Muerto field, Carrizozo
lava flow, and Engle (Elephant Butte) field. Several other volcanic fields, such
as the Potrillo field and Palomas field, and isolated cones and flows, occur
where the Rio Grande rift merges with the Basin and Range province.
Eruptions within all of the late Cenozoic fields are widely dispersed in late
Cenozoic time; ages of individual eruption within many of these volcanic fields
cluster near 2 Ma, but range from 14 Ma to 0.03 Ma. Older, mid-Tertiary
volcanism, associated with widespread silicic volcanism common throughout
the Basin and Range province of the southwest, resulted in formation of
many calderas that are now eroded, although their extensive sheets of ash
flow tuffs are widespread and well exposed. Effusive and pyroclastic land-
forms within all of these volcanic areas have some bearing on understanding
volcanic processes on Mars.

The younger volcanic fields around the margins of the Colorado Plateau
in New Mexico are dominantly basaltic, but include large volcanic centers or
isolated domes of more silicic magma, similar to other fields on the southern
(Condit et al., 1999) and southwestern (Best and Brimhall, 1974) margins
of the Colorado Plateau. Most of the young New Mexico fields occur
along a broad alignment known as the “Jemez zone” or ““Jemez lineament”
(Smith and Luedke, 1984). The Jemez zone includes the Red Hill,
Zuni-Bandera (El Malpais), Mount Taylor, Jemez, Cerros del Rio, Ocateé,
and Raton-Clayton fields. The Ocaté and Raton-Clayton fields are isolated
from the Colorado Plateau margin and occur within the high plains of
northeastern New Mexico. Although the Jemez zone has been described
as a hot spot trace, and is roughly parallel to the Yellowstone hot spot
track, ages throughout the Jemez zone are randomly distributed. The
alignment of fields may instead represent a linear tectonically defined
boundary between fundamentally different ancient lithosphere sections
(McMillan et al., 2000) with differing melting and magma emplacement
properties. The Jemez field itself is the site of one of the largest young
morphologically clear examples of an ash-flow caldera. It is an area where
volcanism has occurred for over 13 Ma and has erupted basaltic, inter-
mediate, and rhyolitic magma compositions. The development of large silicic
calderas such as the Valles Caldera requires a significant, long-term melting
anomaly in order to generate large magma chamber volumes associated with
ash flow volcanism. The precise origin of the melting anomaly in the case
of the Valles Caldera is unclear, but the location of the Jemez volcanic
field at a point on the west margin of the Rio Grande rift where the rift
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steps east, suggests that the interaction between structures and the high
regional geothermal gradients associated with the rift combined to generate
a significant melt source and pathways for the melts into the upper crust
(Self et al., 1986).

Widespread volcanism in the Southwestern USA throughout the Cenozoic
(Christiansen and Yeats, 1992) is attributed to high regional geothermal
gradients and upwelling of mantle across the western USA following
subduction of the East Pacific rise. Together with lithospheric extension and
corresponding enhancement of magma ascent, the mantle melts generated by
upwelling and heating resulted in volcanism both within the areas affected
by lithospheric extension and within the interior of the Colorado Plateau.
Volcanism in New Mexico may be categorized as “‘continental magmatism”
and is distinct from that associated with plate margins. Although mid-Tertiary
volcanism was voluminous and characterized by calc-alkalic affinities that
include a variety of more silicic magma types, late Cenozoic magmas were
largely alkali basaltic (Christiansen and McKee, 1978).

The regionally clustered large volcanoes of Mars have more in common
with hot spot distributions controlled by broad upwelling of plumes
(Crumpler and Revenaugh, 1997; Greeley et al., 2000), such as the mechanism
producing major volcanic provinces within the Southwestern USA, than they
do to plate margin volcanism.

4.3 Mega morphology and outcrop scale morphology: scale-dependent
preservation of volcanic morphology

The scale-dependent state of preservation of volcanic morphology on
planetary surfaces in general is an important, but underappreciated aspect
of volcanic analog studies. Many analog studies make use of relatively young
and uneroded volcanic surfaces on Earth for comparison with Martian
volcanic terrains. However, the great age and wide distribution of mantling
deposits on Mars, combined with mechanical erosion by impact and
environmental effects on rocky surfaces on Mars, likely result in significant
degradation of primary volcanic landforms. Older volcanic terrains, such as
those occurring in the arid environments in New Mexico, are better analogs
for purposes of predicting the types of characteristics that occur in well-
preserved but slightly degraded Martian volcanic terrains.

Primary volcanic features in New Mexico are preserved at several length
scales and the degree of apparent preservaton of primary volcanic charac-
teristics is often scale dependent. In other words, preserved morphol-
ogies and structures frequently appear youthful at scales exceeding 1 m
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(air photo resolutions), but may be soil-covered, rocky, and almost unrecog-
nizable as volcanic landforms at outcrop (i.e., less than 1 m) scale (Figure 4.2).
A similar state of preservation may characterize volcanic features on Mars.
Volcanic features in excess of several hundred million to a billion years old
on Mars may be usefully compared with primary morphologies of volcanic
surfaces in New Mexico that are of the order of two million years old. In the
following, we examine a few examples.

The general characteristics of young and unmodified lava flows are
relatively well documented (e.g., Kilburn, 2000) from many studies. The
particular morphologic characteristics present may vary from flow to flow
due to differences in their emplacement conditions and composition and
fundamental lava type (pahaoehoe or aa), but in general all recently
erupted flows (less than 1000 to 10000 years old) preserve millimeter- and
centimeter-scale features of lava surfaces superimposed on larger-scale
features such as tumuli, collapse depressions, channels, and individual
flow margins (Elston et al., 1976a). A survey of the surfaces of lava flows
in New Mexico with reference to their individual ages identifies a progres-
sion with age in which progressively larger-scale features are degraded
(Figure 4.3). Surface glass and centimeter-scale roughness characteristic
of recently erupted flows are preserved up to tens of thousands of years.
Meter-scale features, such as tumuli and larger structures only, are present
after one to two hundred thousand years. At an age of one million years, few
surface topographic features remain, although the individual flow margins
are generally well preserved and are easily mapped in air photos or traced by
ground traverses. At ages greater than about 5 million years, lava surfaces
are generally flat and featureless in which even flow margins may be difficult
to distinguish and the flow is frequently eroded and occurs as the caprock
of isolated mesas.

The correlation between age and surface characteristics is not precise due
to differences in the initial surface features and topographic roughness
of individual flows, differences in the local environment, such as proximity
to regional drainages, differences in local eolian deposition of silt, and
differences in altitude and differences in global climate over the range of ages
and corresponding variations in rainfall and vegetation at local and regional
scales. Nonetheless, in New Mexico it is possible to infer an approximate
age, to better than the closest order of magnitude, of many lava flows based
on their surface preservation characteristics for a region as a whole.

Processes responsible for the degradation in the arid climate of New Mexico
are largely mechanical weathering of the surfaces and airfall of silt derived
from surrounding loose fines that compose many of the regional Mesozoic
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3 km

Figure 4.2. Examples of scale-dependent state of preservation in lava flows.
(a—c) Sequence of progressively higher resolution images of a flow dated
at <1.0 Ma. Flow margins and surface waves or bands are prominent in
low-resolution images. At the surface outcrops are sparse and their relation
to the flow surface structure is unclear. (d, e) Aerial photo of a flow dated
at ~100 ka. Collapse depressions and tumuli are prominent, yet the surface
appears as an undulating rubble sheet with low areas filled by fines; arrow
in (d) indicates approximate direction of view shown in (e). (f) MOC image
(FHA 01222) and corresponding Viking context of flows south of Arsia
Mons. High-resolution perspective (inset) of these fresh-appearing flows
shows that areas between relief features are smooth and appear mantled.



Mega morphology and outcrop scale morphology 101
10.0

1.0

“—1>

0.01

Age/Ma

surface tumulii flow lava-capped
glass, collapse margins ~ Mmesas
ropes, depressions

clinker

Smallest scale of preserved primary lava structure

Figure 4.3. Proposed sequence of degradation on lava flow surfaces
for New Mexico (after Elston et al., 1976a). With increasing age, similar
progressions of erosion on Mars will result in diminishing preservation of
short-wavelength landforms. Lava flow margins and patterns of flow will
be preserved much longer than detailed morphologic features characteristic
of recent lava flows. Expectations of volcanological variety based on orbital
images can thus be misleading.

sedimentary rocks. Low areas within a flow are gradually filled by spallation
of surface glass (tachylite) and dislodged centimeter-scale fragments of surface
clinker and fragmented glassy surfaces, and organic debris from sparse but
widespread vegetation growing in cracks. Further infill occurs from airfall of
silt. Relief features are in this way gradually lowered, the surfaces of low areas
are raised, and the overall topographic roughness is smoothed. In the absence
of significant rainfall and runoff that would carry accumulated silt away,
alluvium accumulates in low areas of the flow surfaces to depths capable
of burying many smaller-scale surface features. Despite overall weathering
and degradation, a substantial component of the small-scale features may be
preserved in low areas by these burial processes such that many small-
scale features may actually be preserved even at great ages (>1 Ma) but are
simply covered. Older flows are therefore not necessarily devoid of primary
features, and detailed examination of outcrops and dissected exposures may
still reveal characteristics of the primary surfaces.
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Many of these or similar processes may have contributed to degradation of
lava flow surfaces on Mars. Despite the relatively lower rates of weathering
on Mars as compared with Earth, significant degradation of flows is predicted
to have occurred over the large geologic times since most volcanic surfaces
on Mars were emplaced. In the youngest lava flows, mantling by dust may
be a more effective than direct ablative erosion. Based on the New Mexico
analogies, most Martian lava flows may be expected to be less than pristine
and to appear relatively degraded at outcrop scales, yet some characteristics
of their original surfaces, including delicate surface textures, may be preserved
beneath mantling deposits that have filled low areas on their surfaces; and
larger-scale features such as tumuli, collapse depressions, and individual flow
margins will still be visible.

4.4 Ash flows and calderas

Several large volcanic edifices and associated calderas on Mars, particularly
the highland paterae (Greeley and Crown, 1990; Crown and Greeley, 1993)
and several Tharsis (Gulick and Baker, 1990) and Elysium (Mouginis-Mark
et al., 1982) volcanoes have been compared with more explosive terrestrial
volcanic centers. Radial deposits common to these volcanoes appear distinct
from obvious lava flows associated with many shield volcanoes on Mars in
that V-shaped valleys and flat inter-valley surfaces are consistent with erosion
of more sheet-like and less digitate materials than lava flows (Figure 4.4).

j KTkl fﬁ‘--‘." - ]
Figure 4.4. Examples of possible ash-flow type morphologies of Martian
volcano flanks. (a) Hadriaca Patera. Shallow caldera and V-shaped valleys
are analogous to the characteristics of many terrestrial ash-flow calderas and
flows. The large valley to the south is a candidate for hydrothermal discharge.

(b) Apollinaris Patera. (c) Ceraunius Tholus.
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This characteristic has been compared with the morphology of radiating
sheets of ash flow tuffs formed from pyroclastic flow mechanisms associated
with many terrestrial explosive (plinian) volcanic centers (Reimers and
Komar, 1979; Greeley and Crown, 1990; Gulick and Baker, 1990).
Although terrestrial pyroclastic flows resulting in ash-flow tuffs are almost
exclusively the result of silicic eruptions, on Mars the tendency for greater
magma fragmentation (Wilson and Head, 1994) and the presence of geologic
settings capable of delivering large volumes of volatiles to a high volume mafic
eruption (Crown and Greeley, 1993) makes more tenable the suggestion that
some deposits with ash-flow-like morphology may be mafic pyroclastic
flows. The Valles Caldera, an almost circular, 20 km diameter caldera
(Figure 4.5), bears many similarities to patera-type volcanoes of Mars in
this respect. In diameter alone it is also comparable to the smaller Martian
calderas (Crumpler et al., 1996; Mouginis-Mark and Rowland, Chapter 3,
this volume).

The Valles Caldera is the type example of resurgent ash-flow calderas
(Smith and Bailey, 1968). Eruptions of the Valles Caldera culminated with
the emplacement of at least two stratigraphic members of a broad apron of
ash flows, the Bandelier ash-flow tuff, during collapse of the caldera at
about 1.1 Ma ago. The Bandelier ash-flow tuffs radiate outward from
the caldera forming a broad apron of thick ash-flow tuff sheets. The ash-
flow tuffs have been dissected subsequent to their emplacement resulting
in a distinct radially patterned morphology of alternating V-shaped canyons
and flat-topped interfluves (Figure 4.5d) analogous to the pattern of valleys
surrounding highland paterae on Mars. Resurgent doming of the center of
the Valles Caldera over the next several hundred thousand years following
caldera formation resulted in uplift of the floor in a rounded central peak that
exceeds the elevation of the caldera rim. The resurgent doming was followed
by a series of extrusions of several rhyolite domes on the caldera floor
along the collapse ring fracture and encircling the resurgent dome. The latest
rhyolite dome eruptions occurred approximately 0.04 Ma. Resurgent doming
in the Valles Caldera and subsequent extrusive dome formation is unlike
the relatively flat-lying interiors of Martian paterae. This difference reflects
the differing dynamics and shallow location of the associated Valles Caldera
magma chamber and its rhyolitic composition as opposed to the likely mafic
nature of Martian magmatism. However, the explosive characteristics of
terrestrial rhyolite ash eruptions and gas-charged Martian mafic magmas
may be comparable (Crown and Greeley, 1993).

At geologically long time scales the radial ash sheets of the Valles Caldera
appear easily eroded and less competent than lava flows because of the
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Figure 4.5. (a) Digital shaded relief map of the Valles Calderas, near
Los Alamos, New Mexico. (b) Generalized geologic map of the Valles
Caldera. After Luedke and Smith (1978) and Smith et al. (1970).
(¢) Schematic section (after Goff ez al., 1989) from the caldera center through
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development of deep canyons with steep walls. However, the Bandelier ash-
flow tuffs are in fact relatively competent rock formed from compaction
and welding of ash at the time of emplacement. The combination of relatively
low permeability and an underlying substrate and basal layers of loosely
consolidated ash have contributed to fluvial runoff along general gradients
directed outward from the caldera margins and corresponding rapid incision
and valley wall retreat. Because of the impermeability, aqueous flow from
the caldera interior tends to be directed along the base of the ash flow
sheets further enhancing formation of springs along the base of the ash
flows and enhanced erosion along the base of valley walls.

Many such springs around the margins of the ash sheets are anomalously
warm due to deep penetration of water at its source in an area of high
residual magmatic heat. These observations have significance in the context of
current Mars exploration goals. If compaction and welding of mafic ash flows
around explosive volcanic centers on Mars contributed to deposits with
similar hydrologic properties, thermal springs may have been common in
the valleys and distal reaches of the tuffs. Early in the history of caldera
formation, any groundwater that emerged from the base of ash flow sheets
around Martian paterae may have similarly inherited heat from the adjacent
large volcanic centers, thus leading to numerous hot or thermal springs
where the aquifer emerged in the valleys and edges of the ash flow sheets.
These are the types of spring environments that are targets for investigation
as potential sites for early pre-biotic and biotic processes (McKay and
Stoker, 1989; Boston et al., 1992). Thus, based on our understanding of an
analogous caldera on Earth, the margins of radiating ash sheets around
Martian paterae may be useful sites for concentrated investigations that seek
sites of former thermal springs.

4.5 Large radial dikes

Radial fractures are a prominent characteristic of the Tharsis region of
Mars (Figure 4.6a). Possible interpretations of the Tharsis pattern include

Caption for Figure 4.5. (cont.) the south margin and down the prominent
valley on the southwest flank illustrating the principal characteristics of
hydrothermal circulation and relationship to down-gradient springs and
spring deposits. Similar circulation patterns may have existed shortly after
formation of the highland paterae type calderas on Mars (see, for example,
Figure 5.4a). (d) Oblique air photo of valleys cut into the extensive layered
sheets of Bandelier ash flow tuffs that were erupted during caldera formation;
view west from vicinity of the Rio Grande; note distance from the caldera rim.
(For a color version of this figure, please refer to color plate section.)
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Figure 4.6. (a) Distribution of fractures radial to the Tharsis region of Mars
(after Hamblin and Christiansen, 1990). (b) Distribution of mid-Tertiary
mafic dikes in New Mexico. The pattern of dike orientations is generally
radial to the central complex of mid-Tertiary ash flow calderas (the
Mogollon volcanic province). Dike locations from Elston et al. (1976b) and
New Mexico Bureau of Geology and Mineral Resources (2003).
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strain associated with uplift (Banerdt er «l., 1992) and radial dikes
associated with volcanism (Wilson and Head, 2002). Radiating fracture
patterns interpreted as the surface expression of radial dikes occur on
Venus, Mars, and Earth (Ernst er al.,, 2001; Wilson and Head, 2002).
Terrestrial examples may be up to several hundred to a thousand kilometers
in overall diameter. Most examples are from older volcanic regions where
erosion has been great enough to expose dikes and intrusions that
were formerly at shallow depths within the crust. Some are associated
with individual volcanoes, but the more intriguing examples radiate from
large igneous provinces on Earth where magmatism was protracted and
voluminous.

A potential example of the latter type occurs in association with the
largest mid-Tertiary Mogollon magmatic province in New Mexico. A map
of mid-Tertiary dike distribution in New Mexico (Figure 4.6; Elston et al.,
1976b) is similar to radial dike systems described from many igneous
provinces on Earth. If all mid-Tertiary dikes in New Mexico are mapped,
the distribution appears to radiate from a center located within the
Datil-Mogollon ash-flow caldera volcanic complex (Elston et al., 1976b),
a cluster of silicic and intermediate composition ash-flow caldera of mid-
Tertiary age.

Many stratigraphic, petrologic, chemical, and isotopic studies of the
associated volcanic rocks of the Mogollon volcanic region suggest that
the thermal source for production of many of the voluminous non-basaltic
melts may have been extensive basaltic magmas injected into the lower
crust at or slightly before the period of great ash-flow volcanism that occurred
throughout the southwest in mid-Tertiary time. Many of the earliest erup-
tions were basalts and basaltic andesite, followed by development of many
intrusions of magmas with mixed or intermediate compositions. Upward
progression and mixing of renewed basaltic intrusions into previously
melted crustal materials, and previously mixed magma volumes in the upper
crust resulted in hybrid magmas across a broad range of compositions.
Ultimately, these magmas developed as extensive plutons that fed overlying
dominantly silicic centers and corresponding ash-flows and calderas.
The volume of magma necessary for the development of such an extensive
field of plutons was presumably large and resided in the lower crust as
an extensive series of magma chambers of dominantly mafic composition.
In many ways this is analogous to the situation envisoned for magmas within
the Martian crust during emplacement of the Tharsis province (Wilson and
Head, 2000).
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Figure 4.7. Two of the longest young lava flows in North America, the
McCartys and Carrizozo flows, provide insights into possible emplacement
mechanisms for large lava flows common on Mars. (a) McCartys lava flow
(white outline), Grants, New Mexico. Older flows of differing age and surface
brightness lie to the left (west). (b) Carrizozo lava flow. Location of two
precison topographic traverse are shown as lines near the north source region
and north central portions of the flow.

4.6 Large lava flows and flow fields

The McCartys and Carrizozo lava flows (Figure 4.7) are two of the
largest young lava flows in North America. The flows are unrelated and
occur in widely separated areas of the state; however, both are compound,
tube-fed pahoehoe type flows. Because of their great volume and youth
they are exceptional analogs for large lava flows common on Mars and the
other terrestrial planets (Zimbelman, 1998; Zimbelman and Johnston, 2001).
For example, the overall planimetric shapes appear as though the flows are
the result of a single fluid emplacement of lava, but in fact each developed
from multiple overlapping segments and through branching tube arrange-
ments. By understanding these and other details of the actual emplacement
process, the actual factors controlling emplacement of large lava flows
common on Mars may be better constrained.
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The McCartys flow is the latest eruption in the extensive field of lava flows
of the Zuni-Bandera field and is 48 km long from its small source vent to
its terminus in the San Jose Valley near the present day route of interstate
[-40 (Nichols, 1946; Maxwell, 1982, 1986; Thelig, 1990). The entire flow
covers ~189 km?, as outlined using satellite image data aided by published
geologic mapping (Maxwell, 1986), a value smaller than the one reported by
Nichols (1946). By assuming an average thickness of 23 m, Nichols (1946)
estimated a total volume for the McCartys flow of 7.9 km®. By comparison
the somewhat less well-preserved 1783 flow of the Laki basaltic fissure
eruption in Iceland (Thordarson and Self, 1993) is estimated to have a volume
of 13 km®. Basaltic glass (tachylite) is common throughout the surface of
the McCartys flow which preserves a myriad of small-scale features resulting
from plastic deformation of a fluid, hot silicate melt (Nichols, 1946). The
flow surface is largely pahoehoe, although in many places the pahoehoe
is broken up into jumbled plates that transition to a true a’a texture. The
McCartys lava consists of tholeiitic basalt, initially considered to be undif-
ferentiated (Renault, 1970). Subsequent extensive sampling and analysis
revealed that the McCartys lavas are quartz-normative tholeiite with plagio-
clase phenocrysts within 4 km of the vent and olivine-normative tholeiite
containing olivine phenocrysts at distances greater than 4 km (Carden
and Laughlin, 1974). The detailed sample study also revealed considerable
longitudinal variation in both major- and trace-element chemistry along the
flow (Carden and Laughlin, 1974, table 1), but vertical chemical variations
were found not to be significant. Likewise, a study of the vertical density and
vesiculation along the length of the McCartys flow (Aubele et al., 1988)
indicated no significant variation with distance from the vent in the vesicu-
larity. Cosmogenic and radiocarbon dating methods both give a young age
of ~3000 yr for the McCartys flow, providing agreement within the analytical
uncertainties of both methods (Laughlin et al., 1994).

The Carrizozo flow is 75 km long from the vent area to the distal margin
in the Tularosa Valley (Keszthelyi and Pieri, 1993; Zimbelman and
Johnston, 2003). The entire flow covers ~330 km? to an estimated thickness
of 10 to 15 m, for a total erupted volume of ~4.3 km? (Allen, 1951). The lava
is intermediate in composition between alkalic and tholeiitic basalt and is
consistent with the regional volcanism associated with the Rio Grande rift
(Renault, 1970; Faris, 1980; Anthony er al., 1998). Various researchers
have distinguished between upper and lower Carrizozo flow units, separated
by a narrow “‘neck’ in the medial reach (e.g., Anthony et al., 1998; Dunbar,
1999). Chemical analyses to date have measured small differences between
the upper and lower lavas, although it is unclear whether the measurements



110 Volcanic features of New Mexico analogous to volcanic features on Mars

are statistically significant. Cosmogenic (isotopic changes induced by
exposure to high-energy particles) studies indicate exposure ages of 4800 yr
(Anthony et al., 1998) to 5200 yr (Dunbar, 1999) for the Carrizozo flow,
well within the 1700 and 700 yr error estimates, respectively. These results
make the Carrizozo flow the second youngest volcanism in New Mexico
(Anthony et al., 1998), after only the McCartys flow.

Recent Differential Global Positioning System (DGPS) data of both
flows (Zimbelman and Johnston, 2003) have revealed new details about
the relief and emplacement of these compound basaltic flows. A topographic
transect across the Carrizozo flow along Highway 380, ~10 km down flow
from the vent, supports the interpretation that multiple flow elements
banked against earlier episodes to build the field from east to west
(Figure 4.8a). The topographic data, with horizontal and vertical precision
~2 to 4 cm, show distinctive terracing along the flow margins in the
proximal and distal portions of both flows (Figure. 4.8b), interpreted to be
indicative of multiple episodes or scales of the local flow emplacement.
The origin of these terraces is unclear but they may be associated with
changes in local gradient that resulted in the fluid flow interiors exceeding
the crustal strength during inflation of the flow and corresponding breakouts.
Topographic measurements of the McCartys flow are consistent with results
obtained for the Carrizozo flow, and help to constrain how the eruptions
may have produced both flows. The dimensions of a very narrow neck on
the McCartys flow, ~40 km down flow from the vent, provide strong
constraints on the lava tube that must have fed the distal portions the
flow, resulting in a maximum likely effusion rate of ~500 m®/s. At Carrizozo,
a single medial ridge along the narrow central portion of the flow can be
interpreted as a lava tube similar to the McCartys flow neck, which suggests
a maximum likely effusion rate of ~800 m*/s. Both flows could have been
emplaced at these rates within a period of a few months, or of the order
of 20 years at sustained lower rates (Keszthelyi and Pieri, 1993).

4.7 Hydromagmatic volcanism

Evidence for fluvial and ice-related processes on Mars (Fanale et al., 1986;
Squyres and Carr, 1986; Squyres et al., 1992; Clifford, 1993; Carr, 1996),
together with widespread evidence for volcanoes at many scales, raises
the possibility that the interaction between water and magma, or hydro-
magmatic eruptions, may have occurred on Mars (Frey and Jarosevich, 1982;
Mouginis-Mark er al., 1982; Mouginis-Mark, 1985; Squyres et al., 1987,
Mouginis-Mark et al., 1992; Crown and Greeley, 1993; Fagents and
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Figure 4.8. Precision topographic transects across portions of the Carrizozo
lava flow; locations indicated on Figure 4.7(b). (a) DGPS data along
US Highway 380, across the Carrizozo flow ~10 km down flow from the
vent at Little Black Peak. A pronounced slope from the right (east) to left
(west) is interpreted as the result of multiple flows banked against one
another. (b) Terraced margin, NW corner of Carrizozo flow. Line shows
location of DGPS profile. Left: Portion of USGS Digital Orthophoto data
of Black Peak Quadrangle, New Mexico. Right: DGPS data along indicated
traverse.

Thordarson, Chapter 6; Chapman and Smellie, Chapter 7, this volume).
Hydromagmatic eruptions are a type of plinian to vulcanian eruption in which
near-surface water is vaporized when magma ascends into the saturated layer.
The rapid flashing of the water to vapor drives powerful explosive bursts
(Sheridan and Wohletz, 1983; Wohletz, 1986) capable of fragmentation
and deposition of significant quantities of both conduit wall rock and the
magma itself. Landforms associated with magma—water interaction are
common and distinctive on Earth, and if present on Mars should be detectable
based on the predictable characteristics of deposits and structures associated
with hydromagmatic eruptions. Relief on any hydromagmatic vents on
Mars is likely to have been subdued over geologic time through mechanical
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weathering and gradual infilling of the crater floors with airfall dust.
In addition, consideration of gravitational and environmental effects on rim
ejecta morphology (McGetchin and Ullrich, 1973; Wilson and Head, 1994)
insure that the morphology of hydromagmatic vents are likely to be somewhat
different than modern, unweathered terrestrial counterparts. Therefore an
understanding of the morphology of older and eroded examples on Earth
may be important in identifying them on Mars. The abundance and wide
range in age of hydromagmatic vents in New Mexico offers an excellent
opportunity to explore the range of preservation characteristics.

Hydromagmatic landforms are relatively common in New Mexico because
many of the eruptions occurred during the late Pleistocene when conditions
were wetter throughout the Southwest. In addition, the association of
volcanism with the Rio Grande rift, which confines one of the major water
courses in New Mexico, the Rio Grande, has also resulted in numerous
eruptions where water-saturated sediments were characteristic of the near-
surface environment at the time of eruption. Because many eruptions in
New Mexico have been dominantly monogenetic and basaltic, a common
hydromagmatic feature is the maar (Aubele ef al., 1976). Maars are crater-
form volcanic centers, generally on the order of a kilometer in diameter,
typically developed with raised rims consisting of accidental materials and
ash ejected during multiple violent steam-blast explosions (Lorenz, 1973).
Subsequent to eruption most maars are occupied at least temporarily by
ponded water and are thus sites of pluvial deposition, partial infilling, and
back-wasting of the initially steep crater walls.

On Mars, because of the prevalence of small impact craters, the ability
to distinguish between small craters of hydromagmatic origin and small
craters of impact origin will be critical if maars are to be identified on
Mars at all. Several studies of maar craters in New Mexico have helped
to define the physical characteristics of these volcanic craters. Relatively
youthful and morphologically typical maars occur within the Zuni-Bandera
volcanic region, the Potrillo volcanic field, and within the Mount Taylor
volcanic field.

The Zuni Salt Lake maar (Figure 4.9a; Cummings, 1968) is an excellent
example. In size and age (1.5 to 2 km and 0.024 Ma) (Bradbury, 1966) and in
its arid Colorado Plateau setting, it is comparable to Meteor Crater (1.3 km
and 0.08 Ma), making it an exceptional model for comparison and dis-
crimination of the morphology of both types of crater. Zuni Salt Lake
also illustrates the type of characteristics that are most useful in determin-
ing the volcanic origin of maars as compared with impact craters. The
most prominent difference is the relatively shallow relief of the maar floor,
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Figure 4.9. Although dry now, many volcanic vents in New Mexico were
emplaced during the extended pluvial periods of the late Cenozoic in
New Mexico. Centers of former hydromagmatic eruptions are common
in New Mexico. Similarly, volcanism during the early wetter geologic past
of Mars may have resulted in analogous landforms. (a) Zuni Salt Lake
maar, Quemado, New Mexico. (b) Laguna de Alejandro maars, Mount
Taylor field, San Mateo, New Mexico.

approximately 60 m from rim to floor, compared with Meteor Crater (200 m).
The original depth is estimated as only slightly deeper considering that the
base of the interior scoria cones appear not to have been buried. Erosion
of the loosely consolidated rim ejecta and the long-term presence of an
interior saline lake have resulted in flattening of the floor and retreat of the
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crater walls. More distinctive is the presence of two small scoria cones on the
floor. Clear evidence of association with interior volcanic features together
with the layered and easily eroded rim deposits such as this is a salient
characteristic that would distinguish Martian hydromagmatic craters from
those of impact origin.

Maars within the Mount Taylor field (Crumpler, 1980a, b) are of
interest because of their great age and location in an area where dissection
has been minimal. The eruptions that formed the maars of the Mount Taylor
field occurred approximately 2 million years ago within a volcanic field that
is dominated by scoria cones and extensive alkali basalt flows. Several
are elongated or overlap along distinct fissure lines (Figure 4.9b). Almost all
are a least 1 km in diameter and were occupied for extensive time by interior
lakes. Because of the great thickness of basaltic rocks in the field, the rims
consist largely of accidental blocks of underlying basalt and trachytic rocks
in a matrix of tuff breccia and comminuted sandstone from the deep substrate.
These maars are now situated on an extensive volcanic plateau that is
essentially a 2 million year old surface isolated 300 m above the surrounding
deserts. Because of their subdued, yet otherwise preserved form, they may
be somewhat better examples of the state of preservation to be expected
for small hydromagmatic centers on Mars where relief has been “‘softened”
yet dissection has been minimal.

A few maars within volcanic fields of the Rio Grande rift have been
dissected by canyon erosion, while preserving some characteristics of their
surface expression, thus revealing the geometry of the interior deposits and
its relationship to surface morphology. These are useful sites for under-
standing the complex internal dynamics of maar formation. Montoso maar
in the Cerros del Rio field (Aubele, 1978) is an example in the middle
Rio Grande rift and lies on the margins of a deep side canyon cut into the walls
of a narrow gorge (White Rock Canyon) cut by the Rio Grande. Here a side
canyon has completely cut into the relatively soft interior of a maar, exposing
layers of inward-dipping ash and tuff breccias, several subsidence faults,
and interior basaltic intrusions, yet rim ejecta typical of maars, consisting of
accidental blocks of basalt, sandstone, and tuffs mixed with juvenile ash
and palagonite, is preserved on the top of the canyon walls.

Maars in the Potrillo field (Hoffer, 1976) include the irregular-shaped
Potrillo maar and Hunt’s Hole, a deep maar with numerous ultramafic
blocks in the rim ejecta. Portrillo maar illustrates the fact that not all maars
are circular but can have complexly scalloped margins resulting from
transient explosions appearing at different locations across the interior of
the active vent.



Tertiary Colorado Plateau volcanism 115

4.8 Tertiary Colorado Plateau volcanism

Because of the relatively great crustal thickness (Bills and Ferrari, 1978) and
potentially more iron-rich mafic and ultramafic mantle melt compositions
of Mars (McGetchin and Smyth, 1978; Treiman, 1986; Bertka and Holloway,
1989; Longhi, 1990), erupted melts and eruption processes are potentially
different from those on Earth. One consequence of this is the possibility
of the eruption of high-fluidity melts and the inclusion of mantle volatiles
leading to explosive eruptions with pelean and vulcanian characteristics
(Wilson and Head, 1994). Such eruptions would be more explosive and
compositionally distinct from common mafic eruptions on Earth. One
problem with identifying this type of volcanic vent on Mars is the near
absence of information about the morphology of the vents that they would
produce. For this reason, volcanic styles on Earth that appear to have resulted
from unusual volatile rich mafic eruptions are of potential importance in
understanding some eruption processes on Mars.

Volcanism in the interior of the Colorado Plateau, represented by the
mid-Tertiary Navajo volcanic field (Williams, 1936; Semken, 2001), is an
example of a type of volcanism which has not been observed in the historic
record. The Navajo volcanic field consists of approximately 80 eroded
volcanic centers of Oligocene to Miocene age distributed throughout the
Four Corners region, now preserved as volcanic necks or eroded depressions.
They are characterized by unusual compositions, evidence for vulcanian
eruption, and association with large sub-circular depressions. These eruption
centers are also unusual in that they have occurred in a region of stable
and thick lithosphere in the near absence of strong extensional stresses
leading to the conclusion that magma was deep-seated and ascended by
volatile-aided processes uncommon in most modern volcanic regions.

Many of these eruption centers consist of unusually mafic to ultramafic
compositions. The exposures of the conduits from which they erupted are
composed almost entirely of tuff breccias of highly comminuted mafic
rocks suggesting extremely explosive emplacement styles and deep mantle
sources (Delaney and Pollard, 1981). Inferred surface characteristics based
on the overwhelming abundance of tuff breccia imply a vent that was perhaps
similar to maars although possibly driven by juvenile volatiles more than
near-surface hydromagmatic processes. Because most of these centers are
deeply eroded, their value from a morphological standpoint is limited.
However, at least one example of the near-surface characteristics of these
volcanic vents remains in the form of an unusual crater-shaped depression
(Narbona Pass volcano; Figure 4.10) on the summit of the Chuska Mountains
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Figure 4.10. Comparison of Ship Rock and Narbona Pass volcano, Chuska
Mountains, between Gallup and Shiprock, New Mexico. Ship Rock is
interpreted (Semken, 2001) to be the near-surface conduit fill for a former
hydromagmatic volcano. The surface expression of the former Ship Rock
volcanic vent may have appeared similar to the Narbona Pass crater. The
Narbona Pass crater is preserved because it is perched on the summit of an
elevated plateau, the Chuska Mountains, which is an erosional remnant of
a formerly thicker section of sediments within the central Colorado Plateau.

of western New Mexico (Ehrenberg, 1978; Semken, 2001). Narbona Pass
volcano is a nearly circular depression 3 km in diameter. The absence of
significant volcanic materials in the areas outside the depression leads to the
conclusion that at least some vertical erosion of what is essentially a Tertiary
surface has occurred since its emplacement. Within the depression there
are several intrusions of basaltic composition as well as horizontal trachyte
flows surrounded by tuff breccias analogous to that in other Navajo field
volcanic necks. The relatively large size compared with modern hydromag-
matic craters (maars) attest to the fact that the original vent was substantial.
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Because of the association with a relatively uncommon magma type and
unusual conduit characteristics, the Narbona volcano is likely to be one of
the more unusual volcanoes in the terrestrial record and relates to a type
potentially present on Mars, dating from early Noachian time when explosive
volcanism may have been more common. In this respect, not all maar-like
features on Mars may have formed from interaction with near-surface
volatiles. Juvenile volatiles from a primitive volatile-rich Martian mantle
also could have played an important part in possible explosive volcanism on
Mars. Centers such as the Narbona Pass volcano, and other eroded centers
of the Colorado Plateau, may be among the few terrestrial examples of this
type of volcanism.

4.9 Spring deposit cones

Deposits associated with natural springs are another form of endogenic
geologic process that can be similar, in both their mechanisms of formation
and their resultant landforms, to volcanic vents and volcanic terrains.
In New Mexico, these deposits create a variety of morphologies including
large sheets and ledges and conical edifices surmounted by summit “‘craters”
and fissures (Figure 4.11) that strongly mimic volcanic vents. Some of the
New Mexico spring deposits are associated with hydrothermal circulation.
Others are the result of natural ground water flow in an arid environment.
Both are conditions that may have counterparts on Mars.

In New Mexico, spring deposits occur where a significant vertical dis-
continuity interrupts the groundwater flow and causes the water to emerge
at the surface (Figure 4.12). (See Figure 4.4 for another example of thermal
spring deposits associated with the Valles Caldera.) Spring deposits are
particularly common in association with high-angle faults, such as the
marginal fault zones of the Rio Grande rift, which act as high hydraulic
conductivity conduits for aquifers confined by overlying aquitards and
aquicludes. Faults on the margins of basins and other discontinuous
structures, such as anticlines, where aquifers are brought in contact with
less permeable rocks or where an aquifer is abruptly terminated within existing
topographic slopes by recent faulting are also common sites of spring
deposits. Spring deposits are common in New Mexico, therefore, because
they are associated with tectonically active or formerly active areas and both
evaporation rates and mineral content of spring water are high. These controls
on spring formation mean that spring deposits mimic many of the charac-
teristics of volcanic vents: most importantly, they occur in association with
linear structures and faults, and they form volcano-like deposits.
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Figure 4.11. Constructional edifices at spring emergence sites may emulate
volcanoes, including conical forms, summit craters, and fissured mounds.
(a) Conical spring mound; and (b) Summit “‘crater” on edifice shown
in (a). Spring deposits are developed along the axis of a prominent anticline.
San Ysidro, New Mexico. (¢) Fissured mound. Note crater near far end
(arrow 1) and graben along apex (arrow 2). San Ysidro, New Mexico.

The upper few kilometers of the Martian crust are likely to be highly
fractured (Fanale, 1976; Carr, 1979) and thus permeable to fluid flow and
aquifer development (Clifford, 1993). If water is present in the subsurface as
a fluid, it will accumulate within the permeable zone and, under the force
of gravity, water will flow in the substrate from topographically high regions
towards regions of discharge in topographically low regions. At that point
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Figure 4.12. Springs are commonly located along the trace of significant
regional faults. In this case, springs have developed along the western
boundary fault of the Rio Grande rift near Belen, New Mexico. Continuous
discharge, high mineral content of the spring waters, and the arid environ-
ment have resulted in the accumulation of significant deposits.

it is either discharged or accumulated in the subsurface. The gradient on the
upper surface of the water-saturated region defines the top of the water
table (Hubbert, 1953; Freeze and Cherry, 1979). The flow is controlled by the
relief on the water table, or the potentiometric surface, which is generally
a subdued reflection of the surface topography. At the largest scales, we
may expect that water in a Martian aquifer of regional extent will flow from
high elevations, such as the highlands to lowlands or local basins. There
are many physical features over the surface of Mars that are similar to the
morphologies typical of terrestrial spring mounds. For example, large areas
of pitted mounds, generally interpreted as hydromagmatic (e.g., “pseudo-
craters”’; Frey and Jarosevich, 1982) or ice-related phenomena (pingos), bear
many of the characteristics of summit-pitted spring mounds (Figure 4.13a).
Other anomalous mounds in apparently non-volcanic terrain on Mars
occur in young basins or around basin margins (Figure 4.13b).

The influence of environment of formation on spring deposition, such
as ambient pressure and temperature, is unknown, as are the chemical
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Figure 4.13. (a) Pitted mounds within the Isidis basin. (b) Isolated cratered
mound within the highland—lowland transition zone. Down-gradient from
an area of abundant valley networks.

compositions of materials that might comprise spring deposition environ-
ments on Mars. The corresponding deposits may reflect differences in their
detailed environment and composition; however, they must form by a similar
mechanism and with similar associations to major tectonic features. Spring
deposits formed from carbonates appear relatively unlikely on Mars because
there is as yet little evidence for extensive carbonate in the surface. Nonetheless
many minerals are soluble in water and will respond similarly to dissolution,
transportation, and deposition during desiccation. The abundance of dissolv-
able compounds in the Martian crust must be great. Given the deeply
brecciated nature likely for the highlands and the widespread distribution
of atmospherically transported volatiles and dust, including volcanic and
impact-generated aerosols, the crust is likely to be liberally mixed with
compounds that are unstable in water. Sulfur, sulfides, and related iron-rich
materials may be important water-soluble materials that could constitute
spring deposits on Mars.
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5.1 Introduction

Flood lavas, by definition, cover vast areas in great sheets of lava, without
the construction of major edifices (e.g., Geikie, 1880; Washington, 1922;
Tyrrell, 1937; Self et al., 1997). The flat terrain that flood lavas produce
has led to the term ‘“‘plateau volcanism™ to be used as a synonym for flood
volcanism. In addition, the classic erosion pattern of flood lavas leaves
a series of topographic steps. Thus many flood basalt provinces are known as
“traps” from the Scandinavian word for steps. Plateau volcanism transitions
to “plains” volcanism when low shields become common (Greeley and
King, 1977). It is not surprising that these large-volume eruptions are usually
composed of the most common of volcanic rocks: basalt. Thus, the term
“flood basalt” is often used interchangeably with “flood volcanism.”
However, there can be interesting and significant compositional variability
within flood “‘basalt” provinces. The most general term to describe all large-
volume volcanism is “‘Large Igneous Province” (LIP) (e.g., Coffin and
Eldholm, 1994).

LIPs represent a major geologic event with significant repercussions on
the interior of a planetary body. The extraction of such large volumes of
magma can alter the thermal state of the mantle, indicate major changes in
the convection patterns within the mantle, and lead to geochemical evolution
of the mantle on a regional scale (e.g., Coffin and Eldholm, 1994 and
references therein). Flood lavas also alter the face of a planet for geologically
significant time. On Earth, it takes of the order of a hundred million years
to erode a flood basalt province, and the lunar mare have survived for billions
of years. These massive eruptions can also have very significant impacts on

The Geology of Mars: Evidence from Earth-based Analogs, ed. Mary Chapman. Published by Cambridge
University Press. © Cambridge University Press 2007.
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a planet’s atmosphere and climate (e.g., Plescia, 1993; Thordarson and
Self, 1996). Thus flood volcanism affects a wide range of geologic processes
and cannot be ignored by anyone who wants to understand a large rocky
planetary body.

In this chapter we provide a brief overview of flood volcanism on Mars
and the Earth and then delve into some specific similarities and differences
in the lavas on the two planets. We end with a discussion of the major
unanswered questions regarding these immense geologic features.

5.2 General observations of flood lavas on Mars

Mars is famous for having the Solar System’s largest shield volcanoes, but
it also boasts immense flood lavas. Mapping suggests that much of the
Martian plains are covered by flood lavas (e.g., Scott and Carr, 1978; Scott
and Tanaka, 1986; Greeley and Guest, 1987; Tanaka and Scott, 1987).
A very conservative estimate by Greeley and Schneid (1991) states that at
least 46% of Mars is covered by volcanics and 82.4% of this area is composed
of volcanic plains and plateaus. Thus, a minimum of 38% of Mars’ surface
is covered by flood lavas. A look at the units that have been mapped as
likely to contain fresh or modified flood lavas (Figure 5.1) indicates that nearly
half of Mars was covered by flood lavas.

Recent results from Mars Global Surveyor indicate an even greater role
for flood volcanism than indicated by Figure 5.1. Most of the Northern
Plains are covered by tectonic ridges (Withers and Neumann, 2001), which
have characteristics consistent with buried wrinkle ridges, and are laterally
continuous with Early Hesperian-aged ridged plains mapped as flood
lavas (Head er al., 2002b). However, Tanaka et al. (2003) suggest that
these units could be sedimentary. Head er al. estimate that an additional
10% of Mars’ surface was buried by lavas to an average thickness of
800—1000 m. In addition, several workers (e.g., Malin and Edgett, 2001;
Bradley et al., 2002) have noted that the Medusae Fossae Formation
(MFF) overlies lava in places, and Keszthelyi et al. (2000) suggested that
the MFF consists of tephra produced by the Cerberus plains flood lavas.
The MFF covers 2.1 x 10° km?, but how much of this terrain is underlain
by lava is poorly known.

In addition, much of the southern highlands, although mapped as
undivided Noachian units, have the compositional signature of basalt
(Christensen et al., 2001). These regions may consist of Noachian flood
basalts (and other volcanics) that have been heavily modified by impact and
fluvial processes. Indeed, a significant result from the Thermal Emission
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Figure 5.1. Distribution of possible flood lavas on the surface of Mars.
Simplified from global maps (Scott and Carr, 1978; Scott and Tanaka, 1986;
Tanaka and Scott, 1987; Greeley and Guest, 1987) and placed over MOLA
global shaded relief topographic map. Areas in red have been either mapped
as flood lavas or as likely to contain modified flood lavas. Yellow shows other
primarily volcanic units. All remaining materials are shown in light blue.
The red areas cover 47% of the surface of Mars, which is marginally more
than the very conservative estimate of 38% by Greeley and Schneid (1991).
(For a color version of this figure, please refer to color plate section.)

Spectrometer (TES) is that only volcanic compositions have been detected,
aside from dust and volatiles. Even the relatively bright and finely layered
deposits like “White Rock™ lack spectral features of carbonates or sulfates
and appear similar to Martian dust (Ruff ez al., 2001).

Flood lavas may also make up a significant volume fraction of Mars’ crust.
McEwen et al. (1999) reported >8 km of layers in the outer slopes of
Valles Marineris (Figure 5.2); they favored the interpretation that this
is primarily a stack of flood lavas. Malin and Edgett (2001) disputed
that interpretation because there are few large boulders (or chunks of
detached bedrock >5 m diameter) on the floor of Valles Marineris, except
on landslides. We think this distribution of large boulders is compatible
with a flood lava interpretation. The lavas will tend to break up into sizes
dictated by the spacing of cooling joints, typically 1—2 m or smaller. Basaltic
lava rocks that tumble many kilometers to the floor of Valles Marineris,
or are carried for kilometers in outflow channel floods, will break into
boulders 1—2 m in diameter or smaller. Large boulders resolvable by the
Mars Orbital Camera (MOC) have either slid downhill only a small distance
from their source, or were carried in landslides that largely preserved the
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Figure 5.2. Layered deposits in the walls of Valles Marineris. Portion of
MOC image E11-03502 showing layers in the outer slopes of Coprates
Chasma near 14.4°S, 63°W. Scene is 3 km wide, and image was acquired at
3.6 m/pixel; north is down.

original stratigraphy. Beyer and McEwen (2004) reported that blocks can be
seen within a few hundred meters downslope from strong (cliff-forming) layers
within Valles Marineris, but not near the thicker stacks of weaker layers.
Several recent studies support the flood lava interpretation for the crustal
layers exposed by Valles Marineris. Schultz (2002) showed that wallrock
strengths are consistent with layered igneous rocks. However, Beyer and
McEwen (2004) suggested that much of the overall wall strength in Coprates
Chasma may be controlled by a few especially strong layers, so the majority
of the layers could be much weaker, perhaps rich in tephra. The crustal
layers in Valles Marineris are rather coarse and thick bedded (Figure 5.2),
distinct from the finer layers seen inside the canyons and elsewhere (Malin and
Edgett, 2001). Ori and Karna (2003) have mapped out the global distribution
of thick-bedded units; they are concentrated around Tharsis (including
Valles Marineris) and Elysium, the major volcanic regions of Mars.
Mapping shows that flood volcanism has been important throughout
the geologic history of Mars. Not surprising is the indication that volcanism
was more vigorous earlier in Mars’ history and that it seems to have been
gradually decaying as the planet cools (Tanaka, 1986; Greeley and Schneid,
1991). Some workers have suggested the fact that surface units mapped as
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lavas are dominantly Hesperian indicates that there was a peak in volcanism
in the early Hesperian (Greeley and Schneid, 1991; Head et al., 2002b).
However, these surface lavas may cap thick sequences that extend back into
the Noachian, as suggested by the crustal layers exposed in Valles Marineris
(McEwen et al., 1999). This, and the possibility that most Noachian terrains
are modified flood lavas, would eliminate the putative Hesperian peak.
Perhaps more intriguing is the indication of very young flood lavas
(Plescia, 1990). A region in the Cerberus and Amazonis plains, approxi-
mately the size of Canada, is covered with relatively fresh-looking flood
lavas (Keszthelyi et al., 2000) (Figure 5.3). The sparsity of craters on some
of these lavas has been modeled to indicate surface exposure ages of less
than 10 million years (Hartmann et al., 1999; Hartmann and Berman, 2000).
These models may be misleading if small craters on Mars are dominated
by secondaries (McEwen, 2003); the few craters that are found on these
young lavas could all be secondary craters, most from the 10 km diameter
impact crater Zunil (McEwen et al., 2003). Another source of age uncertainty
is the possible role of burial and exhumation by a mobile mantling deposit.
However, based on the fact that no crater larger than 500 m in diameter
has been found superimposed on the freshest lavas, they must have been
erupted within the last ~100 Ma (P. Lanagan and A.S. McEwen, submitted).
Further evidence for extensive flood volcanism in the recent past
comes from the Martian meteorites. There are ~16 meteorites in 4 groups
found on the Earth that are thought to have come from Mars (e.g., Treiman
et al., 2000; Nyquist et al., 2001). Table 5.1 shows the ages of these. Impacts
that launch material from Mars to Earth may provide a highly non-random
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Figure 5.3. Location map of the Cerberus plains and associated features.
Light tone shows radar-rough area that appears to correspond to the recent
flood lava flows. Lightest tone is the approximate outline of what may be
a single, fresh, flood lava flow. The dark shading shows the area with very low
radar return that may be related to pyroclastic deposits from the flood lava
eruptions. After Keszthelyi et al. (2000).
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Table 5.1. Crystallization and exposure ages of Martian meteorites

Meteorite group Crystallization age (Ga) Exposure (~e¢jection) age (Ma)
ALHS84001 ~4.5 15

Nakhlites ~1.3 11

Chassignites ~1.3 11

Shergottites ~0.2—0.5 0.7-20

sample, favoring young lavas where a strong surface layer enhances spallation
(Head er al., 2002a). Nevertheless, the dominance of Martian meteorites
with ages less than 2 Ga is strong evidence that significant parts of Mars are
covered by relatively young igneous rocks. In several cases, petrographic
investigations of these meteorites favor thick lava flows as the source rocks
(e.g., Nyquist et al., 2001). This suggests that we already have samples of
geologically young Martian flood lavas on the Earth. These samples indicate
that the Martian lavas are basaltic, but with interesting geochemical
differences from common terrestrial basalts.

The young age of many of the Martian flood lavas provides a unique
opportunity to observe the surface morphology of flood lavas. The best-
preserved flood lava flows are in the Elysium Planitia, and are fed from the
Cerberus Fossae (Plescia 1990; Keszthelyi er al., 2000; P. Lanagan and
A.S. McEwen, submitted), located near the equator and southeast of Elysium
Mons (Figure 5.3). These flows have a distinctive “platy-ridged” surface
morphology (Figure 5.4), that is uncommon on terrestrial lava flows
(Keszthelyi et al., 2000). We hypothesized that the plates form in a two-
stage process: first the lava advances relatively slowly and a thick, coherent,
stable crust is able to form; later a surge in the lava flux disrupts this crust
and transports large pieces as rafts on a wave of molten lava. The ridges would
form when rafts crash against each other and push up a pile of broken
and crushed lava. Modeling of this process suggests that eruption rates of
10°—~10° m?/s are needed during the surges and that the lava rheology must be
broadly similar to terrestrial basalts. Individual eruptions may have lasted of
the order of a decade to output the voluminous (~10* km?) lava flows
(Keszthelyi et al., 2000).

One consequence of these massive eruptions should have been dra-
matic (short-term) changes to the Martian atmosphere and climate. Plescia
(1993) estimated that the eruption of the group of flood lavas that covered
the Cerberus plains could have produced ~10'¢ kg of water and a similar
amount of CO,. This is enough CO, to double the atmospheric pressure
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Figure 5.4. Examples of Martian platy-ridged flood lava flows. (a) Portions
of THEMIS infrared observations 101118002 (day), 100875002 (night)
and 101237007 (night) and MOC image E11-03799 from near 9°N, 205° W,
Athabasca Valles, Elysium Planitia, Mars. THEMIS thermal infrared images
show surface temperatures at ~4am and 4pm local time. Note that much of
the flat lava is relatively cool in the day and warm at night, indicating a high
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and enough water to blanket all of Mars in a layer of ice ~10 cm deep.
However, this activity is likely to have been distributed as discrete events
across tens or hundreds of millions of years. While smaller, the impact of
individual eruptions could still have been global (Keszthelyi and McEwen,
2001; P. Lanagan and A. S. McEwen, submitted). The same system of fissures
that fed the most recent flood lavas also seem to have fed the most recent water
floods on Mars (Burr et al., 2002). It is likely that the dike intrusions that
fed the lava eruptions also provided the pathway for subsurface water to
erupt to the surface (Mitchell ef al., 2003). The giant system of radial graben
surrounding Tharsis has also been interpreted as the surface expression of
dikes (Mege and Masson, 1996; Wilson and Head, 2002), which may have fed
much of the Noachian and Hesperian-age flood lavas.

How common are andesitic flood lavas on Mars? Evidence for andesitic
lavas has been reported from the Mars Pathfinder APXS experiment,
in spite of uncertainties in calibration and weathering (Wanke et al., 2001).
In addition, TES has shown two major rock spectral types, interpreted as
more basaltic and more andesitic lava compositions (Christensen ez al., 2001).
Large volumes of andesite on Earth are associated with subduction
zones, and are not expected on Mars. However, an alternative explanation
for type 2 (“‘andesitic”’) spectra is alteration increasing the silica content
of surface coatings on basalt (Wyatt and McSween, 2002). The type 2
regions consist of apparent sediments on top of ridged plains in the northern
plains (Wyatt and Tanaka, 2003), so these may be largely transported
and weathered materials, not indicative of the composition of the flood
lavas in the northern plains (Head et al., 2002b). Preliminary results from

Caption for Figure 5.4. (cont.) thermal inertia and significant dense rock in
the upper few centimeters. However, the ridged section, in this case, has
relatively low thermal inertia. This could be due to trapping of large amounts
of dust, which would also explain why the area seems bright in the MOC
image taken in visible wavelengths. North is to the top in the THEMIS
images. THEMIS images are 100 m/pixel; MOC image is 3.63 m/pixel.
(b) Portion of THEMIS visible image V06012001, near latitude 2.5, longitude
195.7° W, central Cerberus plains. Lava shows shear structures and wakes in
the lava as well as the pile-up of debris on the flow top due to topographic
obstacles. The flow direction and some properties of the translating upper
crust can be determined from this observation. Image 18 m/pixel, north is to
the top. Solar incidence angle of nearly 80° from the west (left) accentuates the
topography. (¢) Portion of MOC image MO01-00111, at 5.8°N, 215°W,
western Cerberus plains. Image shows lava flow transition from pahoehoe
along margins to platy-ridged interior, similar to flows in Iceland. Flow
margin is no more than a few tens of meters thick. Image 5.9 m/pixel, north is
approximately up.
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the Gamma Ray Spectrometer (GRS) on Mars Odyssey suggests very low
silica abundances, lower than the Mars meteorites (Boynton et al., 2003),
whereas the TES data indicate compositions richer in silica than the Mars
meteorites. Both of the MER landers have detected olivine in the soils,
suggesting mafic compositions (Klingerhaufer et al., 2004). McSween et al.
(2003) examine the recent data in a global geochemical context and find
that lava compositions that are dominantly basalt-like provide a tidy,
self-consistent model. In summary, we clearly do not yet understand the
lava compositions of Mars, but suggest that the Mars meteorites provide
the most reliable clues.

5.3 General observations of flood lavas on Earth

Large igneous provinces can be found scattered across the Earth, but make
up only a few percent of its surface area (Figure 5.5). The less than
a dozen well-preserved and well-exposed continental flood basalt provinces
(Table 5.2) are perhaps the best known of these LIPs, but there are also
traces of many older flood basalts have been largely erased by the vigorous
geologic activity on Earth. Some of the largest and best-preserved flood

Figure 5.5. Map of Recent (<250 Ma) Large Igneous Provinces (LIPs) on
Earth. Well-preserved continental flood basalt provinces listed in Table 5.2
are depicted in yellow, other LIPs in red. While recent LIPs only cover a few
percent of Earth’s surface, it is important to note that this only represents a
few percent of Earth’s geologic history. Map after Coffin and Eldholm (1994).
Abbreviated names listed in full in Coffin and Eldholm (1994). (For a color
version of this figure, please refer to color plate section.)
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Table 5.2. Well-preserved continental flood basalt provinces

Name and Figure 5.4 Age of main Area Volume
abbreviation activity (Ma) (10° km?) (10° km?)
Columbia River (COLR) 16 0.164 0.175
Ethiopian (ETHI) 30 0.6 ~1
Deccan (DECC) 66 >1.5 >8
Etendeka-Parana (ETEN & PARA) 132 ~3 >1.2
Karoo-Ferrar (KARO & FERR) 183 >3 ~2.5
Siberian (SIBE) 249 >0.34 >2

Data from Macdougall 1988; Rampino and Stothers, 1988; Tolan et al., 1989; Coffin
and Eldholm, 1994; Haggerty, 1996; Mahoney and Coffin, 1997; Duncan et al., 1997.
In all cases, the majority of the lava volume was erupted in under 1 million years.

basalt provinces (e.g., the Ontong-Java and Kerguelen Plateaus) are found
on the ocean floor, limiting access to them. There are also many other
LIPs, some associated with mantle hotspots and others associated with
rifting of continents (e.g., Coffin and Eldholm, 1994).

While activity often persists at a low level for ~10 million years in an
individual province, it appears that the bulk (~90%) of the volume is erupted
in less than 1 million years. The most detailed age information comes from
the most recent and best-studied flood basalt province, the Columbia River
Basalts. There, the lava extrusion rate built up over about a million years,
then flux remained high for several hundred thousand years, and finally
tapered off in a roughly exponential fashion over the next several million years
(e.g., Tolan et al., 1989). This pattern of lava production has been attributed
to a new mantle plume reaching the base of the crust. The head of the plume
is very broad and is capable of generating hundreds of thousands of km? of
magma. Once the plume head has dissipated, the narrow tail of the plume can
continue to feed volcanism at a lower rate for many tens of millions of years
(e.g., Coffin and Eldholm, 1994; White and McKenzie, 1995).

Magma rising from the mantle is almost invariably mafic in composition.
However, in the case of continental flood basalts, the magmas are often
significantly contaminated by assimilation of crustal materials during ascent
(e.g., Macdougall, 1988; Mahoney and Coffin, 1997). In fact, the bulk of
the Columbia River Basalt Group consists of basaltic andesite, not basalt
(e.g., Hooper, 1997). In other cases, the primary mafic magmas pond in the
lower crust and provide heat for melting the continental rocks. The result
is that there can be considerable diversity in the types of lavas erupted in
a continental flood basalt province. For example, the Parana-Etendeka
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Figure 5.6. Photos from various flood basalt provinces. (a) Deccan Traps,
near Mahabaleshwar, India. (b) Deccan Traps, Ajunta Caves, India.
(c) Etendeka Basalts, necar Huab, Namibia. (d) Columbia River Basalts,
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province has large volumes of lava with compositions ranging from 48 to
72 wt.% SiO,. The lavas include numerous examples of basalts, basaltic-
andesites, dacites, trachydacites, and rhyolites (Marsh et al., 2001). The
Siberian Traps similarly contain a mix of lavas dominated by basalts
and basaltic-andesites, but also including significant volumes of picrites,
trachybasalts, trachyandesites, basanites, nephelinites, and maimechites
(e.g., Sharma, 1997).

While the terrestrial flood lavas generally do not have their surfaces
exposed, it is possible to infer their morphology from cross-sectional views
afforded by erosion (Figure 5.6). These views show that the majority of
the flood lavas are inflated pahoehoe flows. They have the smooth, piece-
wise continuous surfaces that define pahoehoe. They also have a three-part
internal vesicle distribution that is diagnostic of the inflation process.
Thus the lavas were transported hundreds of kilometers from their vents
underneath an insulating crust. The emplacement of a typical ~1000 km®
flood lava flow is estimated to have taken about a decade (Self er al.,
1997; Thordarson and Self, 1998). There are also flows that have brecciated
flow tops and other morphologic features suggesting more rapid emplace-
ment (Keszthelyi er al., 2001). The techniques used to infer the emplace-
ment style from lava morphology is discussed in more detail later in this
chapter.

One intriguing aspect of flood basalt eruptions is their apparent
temporal coincidence with mass extinctions (Rampino and Stothers, 1988;
Haggerty, 1996; Wignall, 2001). All major extinction events in the past
300 Ma have flood basalt eruptions occurring at the same time. However,
the correlation is not seen in the preserved geologic record older than
300 Ma. Furthermore, the more recent and smaller flood basalt eruptions
were not concurrent with major mass extinctions (Wignall, 2001). The
precise role of flood lava eruptions on mass extinctions is still highly
uncertain. It is unambiguous that these massive eruptions had significant
and deleterious effect on global climate (Thordarson and Self, 1996). While
this should stress the ecosystem and kill many individuals of many different
species, this may not be sufficient to cause a mass extinction. We speculate

Caption for Figure 5.6. (cont.) near Dry Falls, Washington, USA. Note the
step-like erosion of the lava flows that gave flood basalt provinces the name
“traps.” Flood basalt flows are typically a few to several tens of meters
in thickness and are hundreds of kilometers long. Individual lobes can be
traced for many tens of kilometers. Outcrops available for study are usually
controlled by erosion. The temples carved into the Deccan Traps provide
a unique opportunity to see the lava structures in three dimensions.
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that if any additional stress is applied to the ecosystem (e.g., a bolide
impact) at the same time as a flood basalt province is being emplaced, the
result will be catastrophic for life on Earth. Calling upon two processes
to create mass extinctions may help explain the complex spatial and
temporal pattern of extinction seen at both the Permo-Triassic and
Cretaceous-Tertiary boundaries (e.g., Erwin, 1994; Sutherland, 1994
Johnson et al., 2002).

5.4 Interpreting lava morphologies on Earth and Mars

Terrestrial flood lavas are predominantly inflated pahoehoe but the most
recent Martian flood lavas are dominated by platy-ridges. Why? How can
these flow morphologies be used to estimate eruption parameters such as
effusion rates?

The formation of inflated pahoehoe flows is now quite well understood,
thanks to observations of active eruptions in Hawaii (Hon et al., 1994).
However, some misconceptions based on earlier Hawaii studies continue
to confuse the issue of how terrestrial flood basalt flows were emplaced
(e.g., Anderson et al., 1999; Self et al., 2000). Classic pahoehoe forms when
relatively fluid lavas are emplaced under relatively low strain rates (Peterson
and Tilling, 1980). In Hawaii, these conditions have generally been only met
for eruptions with effusion rates < 10—15 m?/s (Rowland and Walker, 1990).
However, flood basalt lava flows > 100 km long could not form at such low
effusion rates because the lava would freeze before it traveled 100 km
(Keszthelyi and Self, 1998; Anderson et al., 1999). Minimum effusion rates
to achieve lengths > 100 km are of the order of 100—1000 m*/s, depending on
the shape of the insulated conduit through which the lava flows (Keszthelyi,
1995; Keszthelyi and Self, 1998; Sakimoto and Zuber, 1998).

At first glance, this seems to imply that flood basalt lava flows cannot
be dominantly pahoehoe. This apparent discrepancy between observation
and theory is easy to explain. In Hawaii, flows are typically advancing
across a <100 m wide front. Terrestrial flood basalt flows appear to have
been 10—100 km wide. Thus, if the lava is subjected to the same strain rate
(i.e., rate of advance) in both cases, the volume flux in the flood basalt case
should be 100—1000 times that of a Hawaiian flow. To state it differently,
a flood basalt eruption with an effusion rate of 1000 m>/s should generate
the same lava morphology as a Hawaiian eruption with an effusion
rate of 1—10 m’/s. Thus the formation of pahoehoe at eruption rates
of 2000—4000 m’/s for flood basalt lava flows (e.g., Self et al., 1997;
Thordarson and Self, 1998) is consistent with the result that effusion
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rates >15 m?/s tend to form aa in Hawaii (Rowland and Walker, 1990).
Future studies of the pahoehoe to aa transition and the rheology of
flood basalt lavas may allow more quantitative constraints to be placed
on the way the terrestrial pahoehoe flood lavas advanced.

For now, the best quantitative data come from the inflation process.
Pahoehoe lobes and sheet flows 20—50 cm thick have been directly observed to
grow into lobes 5—10 m thick. This growth takes place by having new
liquid lava enter the interior of the lobe and push the solidified crust upward.
The result is a distinctive and diagnostic set of surface features (Figure 5.7).
If the inflation is spatially localized, a hummocky surface is created, with
numerous tumuli (synonymous with “lava-rise””). When the inflation takes
place over a broader region, “‘lava-rise-plateaus” form and ‘“‘lava-rise-pits”
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Figure 5.7. Photos of features diagnostic of inflation. (a) Aerial photo from
the Laki Flow Field, Iceland. (b) Tumulus on Kilauea Volcano, Hawaii.
(c) Edge of an inflation pit, Grants Flow Field, New Mexico, USA. Inflation
generates a suite of diagnostic 1—100 m scale morphologic features. When
large areas are uniformly uplifted, an inflation (or “lava-rise”) plateau forms.
Local areas that are not uplifted are converted into inflation pits. It is
common for most inflation plateaus on a flow to reach the same height,
indicating that an interconnected sheet of liquid lava (under a solid crust)
provides a means of keeping hydrostatic pressure relatively uniform across
a wide portion of many lava flows. Where such efficient interconnectivity is
lacking, the lava will inflate to form a scattering of smaller tumuli, as in the
Kilauea example. Person is 1.5 m tall in both (b) and (c).
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are created over the localized areas that do not inflate. Often inflation is
concentrated in areas that were depressions in the underlying topography and
inflation ceases most rapidly where the flow is unusually thin over high points
in the pre-existing topography (Self et al., 1998). Such inverted topography
is seen in the inflated pahoehoe margins of the flood lavas in the western
Cerberus plains of Mars (P. Lanagan and A.S. McEwen, submitted).

It should be noted that inflation is not restricted to pahoehoe flows.
Inflated aa and slab pahochoe flows can be found in many locations on
the Earth. However, nearly every pahoehoe flow has undergone some
degree of inflation.

The inflation process tends to form three distinct layers within a flow: an
upper vesicular crust, a dense core, and a lower vesicular crust (Self e al., 1997,
Thordarson and Self, 1998). While this three-part structure was recognized
much earlier (e.g., Aubele et al., 1988), its full implications were not clear
until the inflation process was understood. The upper vesicular crust forms
as long as fresh, bubble-laden, lava is transported into the lobe. Once the
flow stagnates, bubbles rise to the top of the liquid layer within a matter of
days. Thus the transition from the upper vesicular crust to the dense
core marks the time lava stagnated, to within a few days. The time it
took for this upper crust to form is known to be well approximated by the
empirical relationship

t =164.8 H?

where ¢ is time in hours and H. is the thickness of the upper crust
(Hon et al., 1994). When compared to complex numerical cooling models,
this empirical relationship was found to have an error of <25%
(Self et al., 1998). Thus, it is possible to accurately estimate how long
an inflated lava flow was active by measuring the thickness of the upper
vesicular crust (Self er al., 1997; Thordarson and Self, 1998). From
a careful compilation of the flow duration at many different outcrops
and good volume estimates, it is possible to place the best constraints
on flood basalt eruption rates. The 1300 km® Roza flow must have taken
> 10 years to emplace and thus the average effusion rate could be no more
than 4000 m*/s (Self ez al., 1997; Thordarson and Self, 1998).

While we know how to extract quantitative information (with good
estimates of uncertainties) from outcrops of inflated pahoehoe flows, the
same cannot be said for platy-ridged flows on Mars. Instead, previous
work has relied primarily on theoretical modeling. Keszthelyi et al. (2000)
assumed that the platy-ridged lavas were emplaced in a two-stage
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process: initial flow under a stationary crust and secondary flow with
a disrupted crust during surges in flow rate. It was assumed that the better-
insulated flow under a stationary crust was the dominant mode of transporting
lava up to 2000 km from the vents. A simple heat balance model for an
insulating sheet flow (Keszthelyi and Self, 1998) was used to calculate the
flow thickness and flow rate needed to transport lava under a stationary
insulting crust 2000 km without freezing. It was found that the lava
rheology needed to be similar to that of terrestrial basalts (of the order of
100 Pa s) if the sheet was the observed thickness of a few tens of meters. Flow
rates needed to be 1—5 m/s and for ~10 km wide flows, this translates to an
effusion rate of 1—5 x 10* m¥/s.

Flow during the surges was more difficult to model, because the
parameters describing the behavior of the disrupted, mobile, crust are
largely unconstrained. However, the thermal model for aa flows produced
by Crisp and Baloga (1994) was modified to examine platy-ridged lavas
during surges. Many of the plates on Martian flows can be pieced back
together, like a jigsaw puzzle, indicating transport distances of a few tens of
kilometers. The single most important unknown was the time scale over
which the crust is stirred. A wide range of parameter space was examined,
and it was determined that lava would be able to advance 10—100 km
without freezing during the surges only if the time scale for mixing was
>1000 s and flow rates were 10°—10° m?/s.

While these theoretical calculations produce many quantitative results,
they are all dependent on our conceptual model for how platy-ridged
lava actually forms. These ideas need to be tested against observations of
terrestrial platy-ridged lavas. Keszthelyi et a/. (2000) found that the 1783—4
Laki Flow Field was an excellent terrestrial analog. In particular, plates,
ridges, shear zones, and wakes of similar scale to the Martian features are
seen in aerial photos from Laki. Furthermore, the platy-ridged portions of
the Laki flow were found to transition into pahoehoe near the flow margins, as
is seen on Mars. Observing that these different lava morphologies are
spatially related to each other in the same way on both Mars and the Earth
is very important because it makes it exceedingly difficult to create
hypotheses where the terrestrial and Martian examples are formed by
fundamentally different processes.

Fieldwork in Iceland in 2000 provided important additional information
to previous knowledge about the Laki lava flows. Specifically, we obtained
detailed observations of the crust on a platy-ridged lava flow. These
observations provide key constraints on the behavior of this crust before,
during, and after it was translated. In some locations, the crust is composed
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of broken plates but in other areas is a breccia consisting primarily of smooth-
skinned clasts that were deformed while plastic (Figure 5.8a). The plates
we saw are buckled sections of the top of a typical pahoehoe sheet flow.
The thickness of the sheets suggests that the lava in these areas behaved like
a normal inflating pahoehoe sheet flow for a few to several hours before
the surface was disrupted by compressional forces. In other areas the
clasts showed evidence of both plastic and brittle deformation and
the pressing of hot clasts onto cooled clasts (Figure 5.8b). Pahoehoe-like
lobes of lava could also be seen intruding into the breccia, presumably as
fingers of liquid pushing up from below (Figure 5.8c). We interpret these
observations as showing evidence for brecciation over an extended period of
time. Interestingly, in no case did we find the spinose surfaces and gnarled
clast shapes of classic Hawaiian aa flows. This suggests that the deformation
within Laki’s brecciated flow top took place at low strain rates. The term
“rubbly pahoehoe’ has been used to describe this autobreccia with pahoehoe
clasts (Keszthelyi et al., 2001; Keszthelyi, 2002).

Another observation supporting slow churning of the breccia comes
from long grooves carved into the flow top (Figure 5.9). These grooves are
over a kilometer long, a few tens of meters wide, and ~4 m deep. The floor
of the grooves consists of smooth pahoehoe (Th. Thordarson, personal
communication) but the walls and high-standing areas are all composed of
breccia. These grooves apparently formed as the crust was pushed into

&)

5 P ; jatér (détorm B El T

Figure 5.8. The brecciated top of the platy-ridged portion of the Laki Flow
Field, Iceland. (a) Broken slabs on the top of the Laki flow. The presence and
size of these slabs indicates that the flow was able to cool quietly for a few
hours before the surface was disrupted by a surge in lava flux. (b) Ten
centimeter clast from a more intensely brecciated flow top with a clast
plastically deformed around an earlier chilled clast. This requires that the
brecciation process had been sustained for some significant amount of time.
(c) Cross-section through the breccia showing two large, pahoehoe lobes
intruded into the breccia. These lobes require low strain rate within the
breccia, at least locally.
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stationary obstacles. This scraped the brecciated material off the top of the
flow, forming 15 to 25 m tall mounds of breccia. Fluid lava welled-up into
the breach in the crust but the adjacent brecciated crust did not slump
into the gap. This means that the brecciated crust had significant strength
even while flowing and that the crust was not rapidly overturning.
The fact that the grooves gradually healed over a distance of ~1 km suggests
that the crust was translated about a kilometer before movement
within the breccia exceeded ~10 m. From historical observations, it is esti-
mated that the lava with the grooves advanced about 5 km/day (<10 cm/s).
If this is the case, then the brecciated crust flowed into the grooves over
>5 hours. If the motion within the breccia was on of order 10 m in this time,
the internal velocities should have been <1 mm/s. This very slow internal
movement may help explain why classic aa textures were absent from the Laki
flow top breccia.

These field observations from Laki provide us with a data point with
which to test the plausibility of the theoretical model we used to estimate
the eruption rates for the Martian platy-ridged flood lavas. The Laki data
suggest that it took of the order of 10* s to overturn the brecciated crust
of this platy-ridged lava flow. Thus the Laki observations indicate that
(at least one) platy-ridged lava did form with a crustal mixing time scale
> 1000 s, providing some confidence that the theoretical modeling of
Keszthelyi et al. (2000) is reasonable.

5.5 Conclusions

The similarities in flood lava eruptions on Earth and Mars are obvious — both
involved the eruption of enormous volumes of mafic lava that inundated
vast areas and converted them into plains and plateaus. Vent structures
are small and difficult to find in both cases. Flood lava eruptions have
played a major role in shaping the surfaces of both planets and the
physiographic effect of massive outpourings of mafic lava are similar on the
Earth and Mars.

Some differences are also readily apparent. Many Martian flood lavas
have extended almost an order of magnitude further than typical terrestrial
flood lavas. The dominant lava morphologies are also different, with
the Martian platy-ridged lavas being emplaced at higher flow rates than the
terrestrial inflated pahoehoe flows. It is likely that the higher flow rates and
the longer flow lengths on Mars are related.

The way we have been able to study the lavas on Earth and Mars
have also been fundamentally different. On Earth, most of the work has
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Figure 5.9. Aerial and ground photos of grooves in the flow top of the Laki
Flow Field, Iceland. (a) Aerial photo of lavas emplaced in a surge of activity
on June 21, 1783. Note the plates and ridges similar to the platy-ridges flood
lavas on Mars. Grooves are >1 km long and follow the flow lines of the
advancing lava. (b) Photo from location indicated by white arrow in (a). This
groove is ~20 m wide and 4 m deep. The walls of the groove consist of breccia
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been done on outcrops provided by natural and human-made erosion. The
planimetric form of the lavas, and their surface morphology has to be pieced
together from what is seen in isolated cross-sections. At the same time, the
ready availability of samples has allowed detailed radioisotope dating
and geochemical analysis of the mantle source regions. On Mars, the under-
standing of the flood lavas comes primarily from orbital remote sensing data
and theoretical modeling. While the models are guided and constrained
by experience with terrestrial analogs, the lack of the kinds of detailed
observations that are possible on Earth leave significant uncertainty in the
modeling results. However, there are flood lavas on Mars that appear to be
much better preserved than any flood lavas on Earth. Thus the spatial
distribution and relationships between different surface features on flood lavas
can be better observed on Mars than on Earth.

While there have been great discoveries related to flood lavas on Earth
and Mars in the past decade, major questions also remain. For Mars, the
lack of precise age dates creates great difficulties in unraveling the
detailed geologic history of the flood lava eruptions. Are Martian flood
lava provinces emplaced in a geologically short pulse of activity, as they
are on the Earth? If so, it is plausible that they are associated with discrete
events in the mantle, such as a plume arriving at the base of the lithosphere.
If instead the rate of Martian flood volcanism has instead only
gradually varied, the dynamics of Mars’ interior must be quite different
from the Earth’s. The production of lava versus time also has strong
implications for the way in which the interior of Mars has geochemically
differentiated and how the flux of volatiles to the surface has changed
with time. Clearly, measuring the chemical composition of the lavas is also
of great interest.

On both Earth and Mars there remain major questions about what
these immense eruptions were like. Based on the largest historical basaltic
eruptions, we expect a significant fraction of the erupted lava was
converted to pyroclastics. On Mars, the low atmospheric pressure should
have led to even more vigorous fountaining than on Earth, if volatile
contents were similar. Can these pyroclastics be found? While they are likely
to be largely weathered beyond recognition on the Earth, the pyroclastics from
the most recent Martian flood lava eruptions should be still recognizable.

Caption for Figure 5.9. (cont.) but the floor is smooth pahoechoe. We
interpret these features to have formed by scraping the flow top breccia
off of the flow as it advanced past a pre-existing obstacle. The breccia was
rigid enough to not slump; instead the gap was filled by fluid lava upwelling
from below.
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Indeed, there are already suggestions of widespread pyroclastic deposits
on Mars from a number of different studies (e.g., Scott and Tanaka, 1982;
Edgett et al., 1997; Tanaka, 2000; Bishop et al., 2002; Mouginis-Mark, 2002;
Hynek et al., 2003).

Finally, these massive fountains of lava must have released prodigious
amounts of acidic precipitation and altered the planets’ climates for decades
at a time. The potential effects that these eruptions may have had on life
are a topic of much speculation at this point in time. It is plausible that
flood lava eruptions were catastrophic for life on Earth but a time for
blooming on Mars. Clearly, much work remains to be done to understand
flood lavas on Earth and Mars.
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Rootless volcanic cones in Iceland and on Mars

Sarah A. Fagents and Thorvaldur Thordarson
University of Hawaii at Manoa

6.1 Introduction

In the 1970s, the two Viking spacecraft returned images of the surface
of Mars in which numerous small domes, knobs, and mounds were visible.
Based on the presence of summit depressions in many of these domes, they
were interpreted to be rootless volcanic cones (Frey et al., 1979; Frey and
Jarosewich, 1982), by analogy with similar features found in Iceland
(Thoroddsen, 1894; Thorarinsson, 1951, 1953). Rootless cones (also called
pseudocraters — a literal translation of the Icelandic gervigigar) form as
a result of explosive lava—water interaction, whereby a flowing lava
encounters a waterlogged substrate, causing violent vaporization of the
water and expulsion of the lava from the explosion site (Thorarinsson,
1951, 1953). Repeated explosive pulses build a cone of disintegrated liquid
and solid lava debris (Thordarson et al., 1992). As the activity at a given
site within the flow wanes, explosions may be initiated elsewhere, leading
to construction of a field of tens to hundreds of cones. Although they may
bear a superficial resemblance to primary volcanic cones built over a sub-
surface conduit, Icelandic rootless cones are quite distinct, in that they are
surface phreatomagmatic structures formed at the lava—substrate interface
(Thordarson, 2000).

The identification of possible rootless cone fields at mid to low latitudes
on Mars incited great interest because of the implication for the presence
and distribution of volatiles (i.e., water or ice) in the near-surface environ-
ment on Mars (Frey et al., 1979; Frey and Jarosewich, 1982). Prior to the
recognition of the cone fields, the assumption was that the near-surface
regolith was essentially devoid of water ice, owing to its instability at mid
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to low latitudes under present Martian climatic conditions (Clifford and
Hillel, 1983; Fanale et al., 1986). The possible identification of phreato-
magmatic volcanic structures produced by explosive interaction of hot
lava and surface or near-surface volatiles therefore presents interesting and
conflicting evidence.

With the advent of the great wealth of data acquired by the Mars Orbiter
Camera (MOC) aboard the Mars Global Surveyor spacecraft, as well as
the more recent Thermal Emission Imaging System (THEMIS) on the
Mars Odyssey mission, we now have a much more detailed view of these
cone fields than was afforded by the lower resolution of the Viking imaging
system. Together with a myriad of other geologic features, these cone fields
continue to strengthen the case for abundant surface and near-surface water
throughout Mars’ history. The presence of water is of key significance
in understanding the geologic history and climatic evolution of Mars.
Moreover, water is a crucial requirement for biogenic development,
and acquiring knowledge of its distribution forms the keystone for NASA’s
exploration goals.

So what exactly can rootless cones tell us about water on Mars? To
answer this, it is necessary to turn to a combination of analysis of space-
craft images, numerical modeling of the dynamics of cone formation,
and studies of terrestrial field analogs. Without detailed field studies,
rootless cones are difficult to distinguish morphologically from primary
(rooted) cones on Earth. This problem is magnified when using imagery
to study extraterrestrial examples: one is simply unable to distinguish the
details of cone morphology and the relationship with host lava. What is
required is to compile a suite of observations on rootless cone field geo-
morphology, including occurrences, clustering/dispersal of cones within
a field, dimensions and morphology, and relationship to the host lava
and underlying terrain.

In addition to the Icelandic cone groups, other field analogs provide
insight into rootless eruptions. In some respects, Icelandic rootless cone
formation is similar to the growth of littoral cones such as those observed
in Hawaii, where lava flows entering the ocean interact explosively with
seawater (Fisher, 1968; Jurado-Chichay et al., 1996; Mattox and Mangan,
1997). The numerous observations and detailed documentation of littoral
explosive activity during the past 21 years of the Pu’u ‘O’o eruption of Kilauea
volcano provide important constraints on mechanisms of explosive
magma—water mixing and the formation of rootless cones. This is enhanced
by field studies of peperites, which are clastic rocks formed by disintegra-
tion of magma upon intrusion into wet sediments (Skilling et al., 2002).
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Peperites can therefore provide information on contact geometries and modes
of mingling that precede explosive fuel—coolant interactions (Skilling et al.,
2002; Zimanowski and Biittner, 2002).

However, the details of lava—water interactions remain poorly understood.
A considerable body of theoretical and experimental work has investigated the
key factors controlling the style and intensity of magma—water interactions
(e.g., Wohletz, 1983, 1986; Wohletz and McQueen, 1984; Zimanowski et al.,
1991; Frohlich et al., 1993; White, 1996; Biittner et al., 2000). In laboratory
simulations of explosive interactions, the efficiency of conversion of thermal
energy to mechanical energy (utilized to fragment the melt) reaches a
maximum at a water/melt mass ratio of 0.3, when finely fragmented melt is
able to transfer heat efficiently to the water and produce a violently expanding
gas phase (Wohletz, 1983, 1986; Wohletz and McQueen, 1984). Ratios smaller
or greater than this value produce significantly less explosive events. White
(1996) has argued that irregularities and impurities in natural systems will
cause maximal water/magma mass ratios to differ from those in controlled
laboratory conditions. However, most studies agree that the key factors
controlling explosive intensity are the mass ratio of interacting water and melt,
the contact geometry of the interacting materials, rate of injection of the melt,
and the degree of interpenetration of melt and water (Wohletz, 1983, 1986;
Wohletz and McQueen, 1984; Zimanowski et al., 1991; Frohlich et al., 1993).
These are parameters than can be at least partly constrained by detailed field
observations.

If we are to attempt to quantify the amount of water ice in the Martian
regolith, it is critical to develop a good understanding of the relationship
between cone characteristics and the explosion process under terrestrial
conditions. Again, this can only be achieved with detailed field studies.
Once this is achieved, theoretical models of the physics of rootless explosion
dynamics can be developed to study cone formation under various planetary
conditions.

Therefore, analog studies are needed to understand (i) how and under what
circumstances these features form; (ii) the geometric relationship between the
host lava and the explosion centers that produce the cones; (iii) how the lava
and water interact to produce the explosion; (iv) what are the requirements for
lava emplacement processes and substrate properties; and (v) what this means
for the amount and spatial distribution of water on Mars.

In this chapter we will describe what can be learned from image analysis
of the Martian cones and highlight how field studies of Icelandic rootless
cones are critical both to developing models and to testing whether the
Martian examples are indeed the products of rootless eruptions.
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6.2 Martian volcanic cones: inferences from spacecraft data

Using high-resolution Viking images (~25—50 m/pixel), Frey and colleagues
identified >2000 dome- and cone-like features occurring mainly in Acidalia,
Utopia, Isidis, and Elysium Planitiae (Frey et al., 1979; Frey and Jarosewich,
1982). Additional cone fields were identified north of Olympus Mons, in
Amazonis Planitia, Hephaestus Fossae, and the Arrhenius region (Hodges
and Moore, 1994) (see Figure 6.1 for location map). With the exception of the
last region, all cone fields lie in the northern lowland plains, predominantly
at mid to low latitudes.

In the Viking images, some of these features have a conical shape; others
are more dome- or mound-like. Summit depressions are visible in many
cones, but others are indistinct (Figure 6.2). Measurements of cone diameter
range from ~300 to >1000 m, with summit craters varying from 0.25 to
0.65 times the basal diameter (Frey and Jarosewich, 1982).

Based on the conical expression, and apparently random spatial distri-
bution, lack of structural control, and the relatively large ratio of crater
diameter to cone diameter (larger than typical primary scoria cones, more
similar to tuff rings), a rootless phreatomagmatic origin was assigned to
these features (Frey and Jarosewich, 1982). However, for Mars, it was
suggested that the lava interacted with ice confined within the regolith
pore spaces (Frey and Jarosewich, 1982; Frey, 1987), rather than with
a waterlogged substrate as in Iceland.

The origins of the cones remained somewhat equivocal, due to limitations
in the resolution and coverage of the Viking data. However, recent MOC and
THEMIS data have revealed numerous cone groups at much higher
resolution, which allow for closer examination of cone morphology, as well as
a better view of the geologic setting of the cone groups (Greeley and Fagents,
2001; Lanagan et al., 2001; Fagents et al., 2002). Figure 6.3 shows some
clusters of cones lying on a remarkably youthful surface in Amazonis Planitia.
These are clearly conical features with well-defined summit craters, and an
apparent mantle of fine material surrounding the main cone. The surface on
which they lie displays a platy, ridged appearance, similar to that observed on
a section of the 1783—4 Laki flow field in Iceland. This surface texture is
attributed to a mode of lava emplacement characterized by alternating flow
stagnation and high effusion-rate surges, which disrupt the stationary
pahochoe crust into discrete plates (Keszthelyi er al., 2000; Keszthelyi and
McEwen, this volume). Lava flows in this region have been dated by crater-
counting methods, and have ages as young as 10 Ma (Hartmann, 1999;
Hartmann et al., 1999). Figure 6.4 shows some closely spaced cones on a lava
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Figure 6.2. Portion of Viking Orbiter 1 image 38A11 (48 m/pixel) showing
indistinct mounds located in eastern Acidalia Planitia. Some mounds appear
to have summit depressions, others are too poorly resolved.

Figure 6.3. Portions of MOC image M0303958 (3.6 m/pixel) showing clusters

of cones in western Amazonis Planitia (24.8°N, 171.4°W). Cones sit atop
a remarkably youthful lava flow surface. North is up.
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Figure 6.4. This portion of MOC image M0801962 (5.4 m/pixel), also in
Amazonis Planitia (26°N, 189.7° W), shows a much denser distribution of
cones than Figure 6.3. These cones appear to sit on an older flow surface,
partially covered with (wind-blown?) sediment, and may perhaps be a source
of some of that sediment in the form of pyroclastic ash.

surface (also in Amazonis) apparently partly covered with windblown
sediment. In this instance, cones are more tightly clustered, with examples
of multiple overlapping cones and coalesced craters. Figure 6.5 shows
some more degraded cones in Acidalia Planitia; the presence of a significant
number of impact craters testifies to the greater age of this surface. Whereas
elsewhere the cones are apparently more or less randomly distributed, there is
evidence of some alignment in this image.

Given the greater detail afforded by the MOC and THEMIS coverage,
these constructs can be interpreted with more confidence as rootless volcanic
cones, by analogy with Icelandic cone groups, based on a combination of
(i) their distinct positive-relief, conical form, (ii) their location on lava
flow surfaces, (iii) lack of association with eruptive fissures, (iv) location
in areas of low regional slope, and (v) apparent haphazard clustering of cones
(Greeley and Fagents, 2001; Lanagan et al., 2001; Fagents et al., 2002).

Other origins previously proposed for the Martian features include
pingos, which are ice-cored sediment mounds produced in permafrost
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F io .I- L ‘ i ‘ \ . .
Figure 6.5. Portion of THEMIS image (19 m/pixel), showing cone clusters
in Acidalia Planitia (40.3°N, 6.9°W). Cones are morphologically quite
distinct from impact craters, thus lending confidence to the interpretation of
volcanic origins. Image release 20030404; NASA/JPL/Arizona State
University.

zones by successive freeze—thaw cycles (Judson and Rossbacher, 1979;
Theilig and Greeley, 1979; Lucchitta, 1981; Cabrol er al., 2000); pedestal
craters, which result from differential deflation of a surface armored by
impact ejecta (McCauley, 1973; Arvidson et al., 1976); and rampart craters,
resulting from impacts into volatile-rich targets (Carr et al., 1977; Gault
and Greeley, 1978; Mouginis-Mark, 1987). However, the MOC and THEMIS
data reveal that these cones are more regular and conical in morphology
than would be the case for any of these other origins, and that they fulfill
some or all of criteria (i)—(v). Impact craters are shown as morphologically
distinct from the cones in Figure 6.5. Moreover, the association with
clearly pristine lava flow surfaces in many cases (Figures 6.3 and 6.4),
further strengthens the case for a volcanic origin (pingos require a sediment
surface on which to form). The debate between a rooted and rootless
origin relies on more subtle details. The number, spatial density and
clustering of the cones argue against magmatic or hydrovolcanic eruptions
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fed by numerous separate volcanic conduits rooted deeper in the crust.
Furthermore, the candidate rootless cones do not feed lava flows, as
is commonly the case with primary cones built by strombolian eruptions.
The postulated existence of a paleo-ocean on Mars (e.g., Parker et al., 1993)
suggests that littoral cone formation may have been possible. However, in
all examples examined so far, the Martian cones do not exhibit typical littoral
cone characteristics (e.g., truncation of cone flanks on the seaward side,
or half-cones constructed on either side of a lava channel (Fisher, 1968)).
Furthermore, the cones are distributed over a broad area, rather than
narrower zones or breaks in slope that might represent paleo-shorelines.
None of points (ii)—(v) alone point to a rootless origin for the Martian
cones, but synthesis of a number of these lines of evidence strengthens this
interpretation. Further Icelandic fieldwork on individual cone charac-
teristics and the structure of cone fields will help to elucidate the origins
of Martian cones.

Using the MOC images, the morphologies of candidate rootless volcanic
cones have been characterized at resolutions of ~3—10 m/pixel (Greeley and
Fagents, 2001; Lanagan ef al., 2001; Fagents et al., 2002). Basal diameters
range from ~20 to 1000 m. The very pristine cones in Amazonis Planitia
(Figure 6.3) are the smallest, with a modal diameter around 100 m, whereas
more ambiguous cones in Isidis have typical diameters in the 400—600 m
range. Cone heights are difficult to determine as these features are at the limit
of the Mars Orbiter Laser Altimeter shot spacing. However, some fortuitously
placed shots provide lower limits of 25—60 m for the larger cones in Isidis
Planitia (Fagents et al., 2002).

There is increasing evidence that water has been present in some form at the
surface and near-surface of Mars in the geologically recent past (Malin
and Edgett, 2000), and may persist today (Boynton et al., 2002; Feldman et al.,
2002; Mitrofanov et al., 2002). This is supported by thermal models of
regolith—atmosphere vapor exchange and ground ice stability (Paige, 1992;
Mellon and Jakosky, 1995; Mellon et al., 1997). Cyclic recharge of ground
ice stores can arise due to outburst flooding episodes (Burr et al., 2000;
Lanagan et al., 2001) or due to climate change caused by variations on Mars’
orbital parameters (particularly orbital obliquity — the angle between the spin
axis and orbital plane) (Mellon and Jakosky, 1995). It seems reasonable,
therefore, to postulate the presence of ground ice at the time of emplacement
of cone-hosting lava flows, even at low latitudes.

Therefore, mapping the locations of the cone fields, and crater-dating
the host lava flows, constrains the temporal and spatial distribution of
water, as well as providing indications of climatic conditions or flood events.
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In order to determine the amount of water available to the lava to produce
rootless cones, however, we must develop a model of the formation process
using field observations both to guide our understanding of the physical
mechanism, and to constrain the model.

6.3 Rootless cone groups in Iceland: field studies

The origin of rootless volcanic cones by explosive interaction of molten
lava and surface water was first recognized in the late nineteenth century
(Thoroddsen, 1894) and confirmed ~50 years later when Thorarinsson
(1951, 1953) showed that the cones are constructional features formed
when lava is emplaced over gently sloping waterlogged substrates such as
shallow lakes, wetlands (bogs, marshes, etc.), braided streams, or glacial
outwash plains.

Icelandic cone groups are ideally suited for analog studies since they
are common in many recent flows (250—8000 years old; Table 6.1, Figure 6.6),
and provide accessible high-quality outcrops to study interior structure
and cone group architecture (Thordarson et al., 1992; Thordarson, 2000).
In addition, rare eyewitness accounts (e.g., observations of ~400 m tall
lava fountains forming rootless cones in the 1783—4 Laki eruption
(Steingrimsson and Olafsson, 1783; Steingrimsson, 1788; Thordarson ez al.,
1998)) provide constraints on eruption style and intensity. Explosive
interactions between degassed lava have also been observed in coastal
environments, where waves impacting on flowing lava, collapses of lava
deltas resulting in sudden exposure of hot lava to seawater, or entrapment
of water in lava tubes act to initiate explosive activity (Thorarinsson, 1965;
Fisher, 1968; Mattox and Mangan, 1997). While the accessibility and
opportunity to observe active littoral cone formation greatly enhances
our understanding of rootless explosion dynamics, the Icelandic cone
groups form in a somewhat different, lower-energy environment. While we
cannot entirely rule out a littoral origin for some Martian cones, those
identified to date possess characteristics indicating that Icelandic rootless
cones represent the best analog to the Martian features (see discussion
above). Detailed studies of the Icelandic cones will help distinguish between
rootless and primary cones and volcanic and non-volcanic origins for
Martian cones.

The following observations are pertinent to developing an under-
standing of rootless cone formation.
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Table 6.1. Rootless cone groups in Iceland
Lava flow Vol. Length Age Name of Area
(km?) (km) (yr) cone group (km?)
Thjorsa 20 120 8500 Thjorsa ?
Leitin 3 35 4600 Raudholar 1
Ketildyngja 4 84 4500 Gosholar ?
Nupar 7 25 3800 Unnamed ?
Thjorsardalur 8—-9
Burfell 6 55 3300 Vadalda 4-5
Tungnarkrokur ?
Y-Laxardalur 2-3 52 2300 Myvatn 30
Raudholar 0.15
Adaldalur 28
Eldgja ap 934 14.2 60 1060 Landbrotsholar 150
Alftaversholar 35
Atlaey 1.5
Laki Ap 1783 15.1 55 210 Fljotsoddi 3
Bl@ngur 1
Varmardalur 1
Hnuta 1
Blagil <1
Ulfarsdalur 3
Grjotarhofud 1
Leidolfsfell 12
Skal <l

@® RCG site
[ Volcanic zones

Figure 6.6. Distribution of rootless cone groups within the Holocene lava
flows in Iceland.
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6.3.1 Geologic setting

In Iceland, the rootless cone groups are found on Holocene lava flows
underlain by impermeable units, such as the Plio-Pleistocene glacial diamict-
ites that flank the active volcanic zones (Figure 6.6). These zones are
characterized by high water tables, providing ample opportunity for interac-
tion with the encroaching lava. Conversely, cones tend to be absent in lavas
overlying the highly permeable Holocene lava flows, in which the water table is
commonly tens of meters below the surface.

Rootless cone groups typically occur within tube-fed pahoehoe lava flow
fields and are commonly found in association with tumuli (Figure 6.7). This
suggests that rootless eruptions are related to insulated flow emplacement
(i.e., endogenous growth via lava inflation beneath an insulating crust), and
the development of internal lava pathways (i.e., tubes). The cones are not
confined to a particular sector of the flow field; the flow extends beyond the
margins of cone groups. Thus the lava fields are composed of compound
flows, characterized by sustained flow through bifurcating feeder pathways.

6.3.2 Individual cone characteristics

Individual rootless cones in Iceland are roughly circular in plan form
(Figure 6.8), and are constructed of fragmented degassed lava with varying

<+— tumulus

Figure 6.7. Photograph showing association of rootless cones (background)
with a tumulus (foreground). Person for scale.
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Figure 6.8. Acrial photograph of the Fljotsoddi rootless cone group within
the 1783—4 Laki lava flow field, Iceland.

proportions of clasts derived from the substrate (Thordarson et al., 1992).
Cone morphology varies from narrow, steep-sided ‘‘hornitos” composed
of fluidal spatter, to wider, broad-cratered cinder or tuff cones. Coexistence
of different cone types within a group indicates a variation in the
eruptive intensity, reflecting variations in the efficiency of lava—water
interaction. Cone diameters range from 5 to 450 m and cone heights
lie between 2 and 40 m (Thordarson, 2000), somewhat smaller on average
than the Martian examples. Cone size is commonly greater towards
the center of a cone group.

In all cases where dissected cones provide well-exposed cross-sections,
a crudely funnel-shaped conduit extends up through the flow to form the
crater. Individual cones exhibit internal layering; in a typical cone,
a well-bedded, widely dispersed lower sequence with decimeter to meter
thick beds of lapilli scoria alternates with thinner ( <0.2 m) crudely laminated
beds of excavated substrate sediment mixed with black ash. The lower
sequence typically gives way to a crudely bedded upper sequence of larger
(centimeter- to decimeter-sized) spatter bombs and agglutinates, which
in turn is commonly capped by a 1-2 m thick unit of rheomorphic
spatter (Thordarson ef al., 1992; Thordarson and Héskuldsson, 2002).
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Substrate sediments are always present in the products of rootless
eruptions, although in variable abundance and form. For example, at
Raudholar, the lower sequence described above often contains distinct
beds which are a mixture of red baked mud and ash-sized juvenile lava
fragments and exhibit low-angle cross-bedding, indicating emplacement by
low-concentration pyroclastic density currents (i.e., surges). In the upper
sequence, the substrate sediment is present as individual centimeter- to
decimeter-sized clasts (i.c., lumps of baked mud) dispersed throughout
the succession but in significantly lower and upwardly decreasing abundances.
It is also present as inclusions in armored bombs. The presence and distribu-
tion of substrate clasts in the rootless cone tephra indicates that physical
mixing of molten lava and the substrate sediments took place during the
explosive interaction.

6.3.3 Cone group architecture

Rootless cone groups in Iceland consist of tens to hundreds of constructs,
superposed on and undeformed by their host lavas (Thorarinsson, 1951, 1953).
Cone spacing varies from densely packed (Figures 6.8 and 6.9) to more
sparse arrangements (Greeley and Fagents, 2001). Cones within a group

]

Figure 6.9. Aerial photograph of the Landbrotsholar rootless cone field
within the 934—40 Eldgja lava flow field, Iceland. Note alignment of cones
in some areas.
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Figure 6.10. Reconstructed cross-section through the Raudholar cone group,
showing the conduit geometry and the onlapping arrangement of cones.

may form small clusters, and local alignments of several cones are
observed in some groups (Figure 6.9), which are linked to eruptions along
a lateral feeder system (i.e., an internal lava pathway or tube). Commonly,
cones overlap and partly obscure one another (Figure 6.10). The pattern of
this onlap is typically in the upflow direction, implying prolonged activity with
upflow propagation of cone-building explosions along a lateral feeder
segment. The formation of a cone at a given point in the flow will cut off
the supply of lava downflow. Once explosions at a particular site cease
(perhaps because the water supply becomes exhausted), further cone-building
explosions can only be initiated where there is a continued supply of lava,
i.e., in the upstream direction of the same tube segment or at sites along
new tube segments elsewhere in the flow field (Thordarson, 2000; Thordarson
and Hoéskuldsson, 2002).

6.4 Models of rootless cone formation

The goal of the Iceland analog study is to develop computational models
of the cone formation process in order to quantify the amount of ice in
the Martian regolith leading to cone-forming explosions. Such quanti-
tative models must be based on sound conceptual models of the physical
mechanisms of the lava—water interaction, and as such will draw heavily
on field observations and past experimental studies.

Until recently the details of the cone-forming process have been far
from clear, and much remains to be done. Two end member models
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have been proposed to describe the lava—water interaction, based on the mode
of heat transfer: the static and dynamic heat transfer models.

Early work on the problem was based on the observations of Thorarinsson
(1951, 1953), which led to the development of the static heat transfer
model, in which the lava advances over the waterlogged substrate, trapping
and vaporizing pockets of water beneath a solidified basal crust. Heat
transfer is thus by conductive means, and the vapor must continue to
accumulate until a critical pressure is reached that is sufficient to overcome
the overburden pressure and mechanical strength of the lava flow.
The explosion is thus analogous to the bursting of a pocket of expanding
vapor up through the lava flow.

The few quantitative models that have addressed the lava—substrate heat
transfer have been based on this static model. Calculations of
conductive heat transfer to the substrate, demonstrated that sufficient vapor
pressure could be generated only if the water or ice was within a depth from
the surface equivalent to one-third to one-half the lava flow thickness
(Allen, 1979; Squyres et al., 1987). In theory, this condition should not
be difficult to meet in Iceland, where surface water is ubiquitous. Under
Martian conditions, this implies ice lying within a few meters to a few
tens of meters of the surface, seemingly in conflict with early models of
ground ice stability (Clifford and Hillel, 1983; Fanale et al., 1986), but
not unreasonable based on more recent modeling advances (Paige, 1992;
Mellon and Jakosky, 1995; Mellon et al., 1997) and results from space-
craft remote sensing (Boynton et al., 2002; Feldman et al., 2002; Mitrofanov
et al., 2002).

However, the static heat transfer model fails to explain all field observa-
tions. For example, the above models were based on simple cooling of an
instantaneously emplaced flow unit, which ignores the evidence for continued
input of lava to the explosion site via preferred pathways in the flow (e.g., lava
tubes), leading to repeated explosions. Any accurate conceptual model of
rootless cone formation must account for the following observations and
inferences:

e Cones are constructed on top of a stationary, solidified lava crust, since they
rest on top of, and are undeformed by, their host lava.

e Cones are constructed by multiple explosive events, as implied by the deposit
bedding. This requires sustained activity characterized by discrete, sequential
explosions.

e Sustained lava input (and the potential for multiple explosions) is provided
by internal transport pathways (e.g., lava tubes), with which cones are
commonly associated. A bifurcating tube system is also evidenced by the fact
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that flow fields commonly continue to form downslope from the cones;
flow advance may have been delayed as cone construction temporarily cut off
supply, but was not halted completely.

e Decreasing explosion intensity with time is indicated by the upward decrease
in dispersal and coarsening of fluidal clasts in the deposit, which in turn
indicates decreasing efficiency of the lava—water interaction. This is best
explained by a decrease in water available to the lava (Figure 6.11).

e Variable eruption intensity (and hence efficiency of lava—water heat transfer)
across a given cone field is indicated by the range of cone morphologies observed.

e Significant mechanical mixing of the lava and substrate is indicated by the
incorporation of substrate sediment clasts in the deposits. The amounts tend to
decrease upwards through the deposits, again indicating a waning in explosivity.

From the above observations, a conceptual model of dynamic heat transfer
is postulated (Figures 6.12 and 6.13) (Thordarson, 2000). Physical mixing of
lava and substrate sediments allows for highly efficient heat transfer and rapid
conversion of thermal to mechanical energy by explosive vaporization of
the water, leading to thorough fragmentation and acceleration of the lava
out of the explosion site. A mechanism for inducing and maintaining mixing
is required; the lava must continue to move through the flow field and feed
into the explosion site. This can be accomplished most easily if the lava is

strombolian surtseyan submarine
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Figure 6.11. Inferred changes (using deposit properties) in water/lava mass
ratio during a rootless eruption at Raudholar cone group, SW Iceland.
Point A represents high-intensity explosions at the onset of eruption, whereas
point B represents low-intensity explosions towards the end of cone growth
(T. Thordarson, unpublished data).
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a tube-fed pahoehoe flow (Figure 6.12). Initially the lava enters a shallow
lake basin or wetland as relatively small pahoehoe lobes from a set of tubes at
the active lava fronts. An insulating crust seals the lobe interiors from the
source of water, and lobes inflate and expand laterally in response to
continued injection of lava. The internal lava tubes are thus extended and
the process repeats itself, extending the lava further into the lake/wetland.
Another consequence of this process is that, as the lava behind the
active flow fronts increases in thickness by inflation, it begins to sink
into soft sediment where it is thickest. However, the subsidence is not
uniform, and cracks open in the base of the lava below the internal
pathways, so that the hot lava flows into water-saturated mud and
initiates steam explosions (Figure 6.13). If the explosions are powerful
enough, they burst through the overlying lava to emerge as rootless
eruptions that build cones around the vents. Continued influx of lava to
the explosion site generates repeated cycles of vaporization, fragmentation,
pressurization, and excavation, and hence multiple explosive pulses.
Within particular sectors of the lava transport system, the explosion centers

(a) Surface crest of
Rootless eruption - S P subsurface lava pathway

Rootless cone -

3 —
Bedrock 11/

= Inflating
pahoehoe lava

(b)

Lava pathway -

Figure 6.12. Principal concepts of the “dynamic heat transfer” model for
rootless eruptions resulting in the construction of a cone group. (a) Tube-fed
lava partly covers a basin and thickens by inflation. Cracks in the tube floors
allow direct contact between the hot lava and waterlogged sediments,
initiating series of rootless eruptions. (b) A fully developed cone group
within a pahoehoe flow field.
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Figure 6.13. Inferred conditions for the initiation of a rootless eruption.
(a) Internal lava pathway (i.e., lateral feeder) some distance upflow from the
active flow front of pahoechoe lava that is advancing over and sinking into
lower density sediments. (b) A crack through the basal crust of the lava allows
the hot lava to come in direct contact and physically mix with waterlogged
sediments, thus initiating a rootless eruption.

migrate in the upflow direction following the course of the pathway that feeds
them. At any site, the eruption stops when the supply of water (from the
substrate sediment) and/or fresh hot lava runs out. As the flow migrates across
the lake/basin via bifurcating pathways, the locus of explosive vents follows
and gradually builds a rootless cone group on top of the lava. When the lava
eventually reaches the opposite margin, it continues its advance in the
same manner as it did before its encounter with the basin.
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In the Martian case, one might imagine that the lavas could encounter
areas of ice-containing substrate, or areas where heterogeneities in regolith
properties allow ice to be present closer to the surface. Although obvious
tube systems have not been identified, it is likely that in the broad sheet
flows identified in Amazonis Planitia (Keszthelyi et al., 2000), the surging
mechanism of emplacement would provide continued input of lava to the
explosion sites through active zones of flow (i.e., broad internal
lava pathways).

It is possible that both conceptual models described above may operate to
different degrees both within a given cone field, and over the duration of
formation of a given cone. Detailed quantitative treatments of the dynamic
model have not yet been developed. However, in an approach that is
somewhat independent of the exact details of the heat transfer mechanism,
Greeley and Fagents (2001) developed a model of the explosion dynamics
to determine the size of cone produced from a given set of eruption
conditions. This model takes a volume of pressurized gas as the starting
point (ignoring how the pressure was generated), and integrates the equation
of motion of an expanding slug of gas and fragmenting lava to find the
eruption velocity. The trajectories of individual clasts launched with this
velocity are then computed, subject to the aerodynamic interactions with the
moving volcanic and atmospheric gases. The distribution of material around
the explosion site can then be synthesized to determine the diameter of the
cone produced by a repeated explosions resulting from a given initial pressure
and water vapor amount. Model constraints that can be supplied by the
field observations include cone dimensions, clast size, clast density, and lava
thickness.

Figure 6.14 shows an example of the results of this model: cone diameter
is plotted as a function of starting pressure and initial gas mass under both
terrestrial and Martian conditions. Comparisons of the results for Icelandic
and Martian cones show that for equivalent starting conditions, Martian
rootless cones should be 5—10 times wider than terrestrial cones, due to the
lower atmospheric pressure allowing greater gas expansion (and hence greater
eruption velocities) and lower particle drag forces, and the low gravity
allowing clasts to stay aloft for longer (Greeley and Fagents, 2001; Fagents
etal.,2002). For the sizes of cones observed in the MOC images (e.g., typically
100 m in Amazonis), much less water vapor is required than their Icelandic
counterparts: 2—350 kg per explosion for eruptions through 1—5 m of lava on
Mars, compared with 500—3000 kg per explosion for a similar cone in Iceland.
This is consistent with the likely low availability of water on Mars compared
with Iceland: if the Mars climate allows ice stability at any given time
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Figure 6.14. Computed cone diameter as a function of initial pressure and
H,0 mass. Calculations were performed for a typical clast size of 10 cm,
and density of 2500 kg m >, appropriate for degassed lava. Labeled curves

showed the initial vapor pressure in Pa. Maximum clast ejection angle is
assumed to be 70°.

(Paige, 1992; Mellon and Jakosky, 1995; Mellon et al., 1997), the ice is likely
to be contained within regolith pore spaces. Importantly, because the lava
remains fluid and continues to be fed into the explosion site, the requirement
for water/ice to be present within a few meters of the surface (Allen, 1979;
Squyres et al., 1987) is relaxed, because theory predicts that deeper levels of
the substrate can be heated with the continued advective heat transfer
(Fagents and Greeley, 2001).

6.5 Discussion

The two conceptual models outlined above are fundamentally different as
regards heat transfer processes and energy conversion modes, and this has
direct implications for the approach to numerical modeling of these eruptions
as well as for quantitative assessment of water mass involved in such eruptions.
Theoretical considerations of the static heat transfer model indicate that
conductive heating by continuously flowing lava could lead to vaporization of
a volatile phase present at depths up to ~20 m. However, because water vapor
is a poor conductor of heat, generation and entrapment of a discrete vapor
layer would act to reduce the penetration of the heating effects, which is not
taken into account by this model. In the case of the dynamic heat transfer
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model, where the water and lava intermingle, the water must be present in the
immediate lava substrate. Therefore, it is of utmost importance to deter-
mine which of these two models is more appropriate for rootless eruptions
on Mars.

Whereas the dynamic heat transfer model appears to explain field
observations more completely than the static model, it is unclear whether
the former is always valid. The steep, spatter-rich hornito-like cones comprise
few xenolithic clasts. We speculate that vigorous ash- and lapilli-producing
explosive activity is generated by dynamic lava—substrate water mixing, and
that spatter-rich explosions might be more analogous to a passive ““bubble-
burst” mechanism, similar to the mechanism postulated for certain littoral
cones (Mattox and Mangan, 1997). At a given cone, therefore, the waning
explosion intensity with time might signify a shift along the spectrum of
activity from the dynamic to the static model. This transition is probably
driven by a decreasing water/lava mass ratio as the eruption proceeds.
However, we emphasize that more fieldwork is required to determine the
relative roles of the two heat transfer models in Icelandic rootless cone-
forming explosions.

There are a number of limitations in the use of Icelandic cones as analog
for the Martian features. We are faced with the possibility that on Mars,
because ice might be present below meters of dehydrated regolith, the ability of
the lava to mix mechanically with water-rich substrate materials might be
limited. If the dynamic heat transfer model is shown to explain all of the
observed features of the Icelandic cones, then the Icelandic analog study might
be less relevant to Mars. Moreover, if the water is present as ice, as it may also
have been in some winter-time Icelandic eruptions, this configuration and the
phase change energy requirements will affect the process. It seems likely,
however, that the explosion onset will simply be delayed (as the ice first melts
before the lava-sediment intermingling takes place), since the solid—liquid
phase change only consumes ~7% of the energy required to drive a given
explosion (Allen, 1979). Both dynamic and static heat transfer models
will need to be addressed theoretically.

There remain several key aspects of this problem that need to be
explained quantitatively if we are to understand rootless eruptions on
Earth and their applicability to Mars, including:

e Does the process of explosive vaporization of the volatile phase and hence
fragmentation of the lava always require physical mixing between lava and
water-rich sediment or is conductive heat transfer across thickening basal crust
adequate for driving rootless eruptions?
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e If the former condition is required, then what are the conditions that allow
physical mixing of molten lava and waterlogged substrate sediments? Some
insights might be gleaned from peperite studies (e.g., Skilling et al., 2002).

e What is the exact relationship between lava emplacement modes and the for-
mation of rootless cones? Are they restricted to flow characterized by endogenous
growth (i.e., insulated transport by internal pathways and flow inflation)?

e What is the mechanism that controls (a) the range in cone types within each
cone group, (b) the random and partly overlapping arrangement of cones and
craters, and (c) internal stratification of individual cones?

e What is the relationship between water/magma mass ratio and cone morphology,
and how can we determine these ratios?

These issues are best addressed with a suite of field, laboratory, and
computational tools. Key strategies include:

e Using ground- and image-based characterization of cone morphologies and
cone group architecture to develop unambiguous ways of distinguishing
rootless cones on Mars from primary cones or non-volcanic features.

e Analysis of deposit components (juvenile lava, solidified lava, and sub-
strate sediments) and clast sizes (and vertical variations of both through the
deposit) to determine fragmentation mechanism and degree of lava—substrate
mixing.

e Development of theoretical treatments of the explosive pressures generated
by mechanical mixing of lava and substrate water/ice.

e Use of clast size and density measurements, together with isopach and isopleth
maps of deposits, to determine, via numerical models, the eruption velocities,
confining pressures, and vapor amounts in rootless explosions.

e Application of models to Martian environmental conditions, to tie observed
cone morphology to eruption conditions and substrate water amounts.

Together with crater-dating of Martian flow surfaces, the above approaches
should ultimately yield estimates of spatial and temporal distribution of
ground ice amounts and depths across the surface of Mars, wherever cone
fields are present.

6.6 Concluding remarks

Studies of Icelandic rootless cones will continue to provide insights into
the Martian examples since they remain the best analog, in terms of
morphology, geologic setting, and eruption mechanism. Additional informa-
tion can be gleaned from field observations of littoral cones and peperites,and
laboratory simulations of explosive magma—water interactions. Thus far,
we have been able to broadly quantify the amount of vapor involved in
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rootless explosions, and make inferences on the amount of water that must be
held in the Martian regolith. However, since the dynamics of lava—water
interactions are poorly understood, even on Earth, refinements to our
understanding will continue to be made. In particular, if we can further
develop our terrestrial suite of tools (field, laboratory analyses and computa-
tional modeling) to better understand the relationship of cone morphology
and clast characteristics to water—lava mass ratio, then we can apply this
knowledge to Mars and make inferences on water amounts based on the
characteristics of features observed in the remote-sensing images.
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Mars interior layered deposits and terrestrial
sub-ice volcanoes compared: observations
and interpretations of similar geomorphic

characteristics

Mary G. Chapman
US Geological Survey, Flagstaff, Arizona

and

John L. Smellie
British Antarctic Survey, Cambridge

7.1 Introduction

This chapter discusses our investigation of the morphologies of numerous
Mars interior layered deposits (ILDs) and terrestrial sub-ice volcanoes.
Our study reveals multiple strong similarities in both groups of edifices
that are supportive of extending interpretations of a sub-ice volcanic origin
to the Mars landforms. In particular, distinctive morphological features
common to both include relatively tall edifices and wing-like projections.
Whereas most terrestrial sub-ice volcanoes described so far are monogenetic
and relatively small, the generally much greater dimensions of many Mars
ILDs may be explained as a consequence of long-lived polygenetic sub-
glacial volcanism. Terrestrial sub-ice volcanoes can be observed in several
northern latitude locales and on Mars and the ILDs are found within
Valles Marineris.

The Valles Marineris canyon system consists of isolated and intercon-
nected elliptical and linear troughs or chasmata near the equator of Mars.
This canyon is cut into the crest of a topographic ridge having a high end
at the Tharsis volcanoes and a low end 3000 km away where the canyon
connects to the catastrophic flood channels that drain into Chryse basin
(Figure 7.1a). The rocks on Mars are broken into three age systems, from
oldest to youngest: Noachian, Hesperian, or Amazonian, based on the

The Geology of Mars. Evidence from Earth-based Analogs, ed. Mary Chapman. Published by Cambridge
University Press. © Cambridge University Press 2007.
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Figure 7.1. The 3000 km long canyon of Valles Marineris, Mars. (a) MOLA
(Mars Observer Laser Altimeter) topographic view showing volcanoes
of the Tharsis rise, on the west, Valles Marineris canyons (center) and
large-scale catastrophic flood channels that drain into Chryse basin from
Valles Marineris, on the east. (b) MOLA-derived three-dimensional enlarged
view of central and east Valles Marineris showing interior layered deposits in
blue. Note topographic lows in central Melas and Juventae Chasma, and high
partial wall separating Candor Chasma from Melas Chasma. (For a color
version of this figure, please refer to color plate section.)

number and size of impact craters on the surface. The chasmata have been
generally interpreted as large grabens and (or) collapse structures, produced
in association with tensional stresses generated by the Tharsis rise during the
Late Noachian to Early Hesperian (Lucchitta et al., 1992). On the adjacent
plateau, these chasms cut “ridged plains” rocks that have a surface age of
Early Hesperian and therefore Valles Marineris must postdate deposition
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of that unit. The layered plateau rock exposed in the walls of Valles Marineris
(and underlying the plateau surface composed of ridged plains material(s))
is mostly Noachian, is likely basaltic, and in many troughs can extend up
to 8 km from the plateau rim to the canyon floor (McEwen et al., 1999).
Flat-topped mesas and mounds of ILDs occur mainly within elliptical
chasmata and are constructed of horizontal to angled beds of laterally
continuous materials (Figure 7.1b).

There is abundant evidence that the ILDs were not formed by down-faulting
of materials in the walls of Valles Marineris. (1) Two ILD mesas extend across
the wall-like ridge separating Ophir and Candor Chasmata (Figure 7.1b) and
show no signs of displacement; (2) the linear graben-type chasmata, the best
candidates for likely downfaulting, do not contain ILD mounds; (3) erosional
styles indicate that the ILDs and chasmata wall rock are composed of very
different materials (Lucchitta et al., 1992); and (4) most workers believe
that the ILDs are no older than Hesperian based on the stratigraphic age
of the chasmata and superposition of ILD outcrops on adjacent wall rock
and chasma-floor chaotic blocks (Lucchitta et al., 1992; Komatsu et al., 1993;
Lucchitta, 1999; Chapman and Tanaka, 2001; Chapman, 2002). (There are
downdropped blocks of wall rock (horsts) in the Valles Marineris, but these
are not ILDs.)

Mapping suggests that the ILDs formed at different times (Lucchitta, 1990).
Adjacent outcrops have different morphologies and contain dissimilar
sequences, suggesting variable depositional histories (Komatsu et al., 1993).
These characteristics are incompatible with an origin for ILDs as coeval
fine-grained deposits formed by wind or in lakes. Moreover, there are no
large fluvial channels preserved on the surrounding plateau surfaces, several
mounds approach the height of the enclosing plateau, and (as noted above)
two mesas apparently overlie a partial wall that separates Ophir and
Candor Chasmata (Chapman and Tanaka, 2001). Lacustrine deposits do
not normally fill their basins to the brim, nor are they likely to extend
into adjacent chasmata (unless both were water-filled simultaneously).
Most ILD mesas are free-standing (i.e., separated from each other and the
chasma wall rock by moats), many show resistant horizontally layered
caprocks above friable flank deposits (Lucchitta er al., 1992), and some
show layers in the flank deposits dipping steeply downslope (Chapman
and Tanaka, 2001). The lacustrine and eolian hypotheses cannot explain the
formation of moats that separate the deposits from the trough walls, nor
the presence of angled beds on mound flanks beneath horizontally
bedded caprock: additional mechanisms need to be evoked to explain these
features.



Introduction 181

Evidence in support of a volcanic origin for ILDs includes: (1) the vari-
able lithologies, heights, and relative ages of ILDs; (2) their occurrence as
free-standing massifs; (3) their compositions; (4) the volcano-tectonic setting;
and (5) the low albedo, high competence and tuff-like weathering of some
layers (Peterson, 1981; Lucchitta, 1990; Witbeck et al., 1991). Many of the ILD
mounds form flat-topped mesas. Sub-glacially erupted volcanoes also form
free-standing flat-topped mesas, known as tuyas (Mathews, 1947; Smellie,
2000). The ILDs are composed of basalt and palagonite (Murchie et al.,
2000; Mustard and Murchie, 2001). Although there are some terrestrial tuya
edifices with silicic compositions (e.g., Tuffen et al., 2002), most sub-ice
volcanoes are mafic and consist of horizontal layered basaltic lavas overlying
friable flank deposits of steeply dipping (angled) hyaloclastite breccias
composed of variably palagonite altered basaltic clasts (Figure 7.2). When
terrestrial volcanoes erupt underneath ice, they melt a vault and generate
a meltwater lake within which a tephra pile is constructed (Bjornsson, 1988;
Smellie, 2000). Following emergence above the lake, lava-fed deltas are
formed. ILDs are compositionally and morphologically similar to many ter-
restrial basaltic tuyas and most ILD-containing chasmata lead to outflow
channels. Because of the significant weaknesses inherent in alternative
interpretations, many workers have suggested that the ILDs may be sub-ice
volcanoes (Croft, 1990; Lucchitta et al., 1994; Chapman and Tanaka, 2001;
Komatsu et al., 2004).

Although the hypothesis that the ILDs are sub-ice volcanoes is not new,
there is a paucity of comparative planetary studies of sub-ice volcanoes
using terrestrial examples and Mars Observer Camera (MOC) imagery of
the ILDs. In order to test the subglacial volcanic hypothesis for ILDs,
we have investigated terrestrial sub-ice volcanoes and compared them
to characteristics of analog ILDs on Mars. In doing so, we have found several
commonalities that suggest comparable volcanic processes. In addition,

Figure 7.2. Schematic cross-sectional view of an ideal tuya.
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in this chapter we describe the effects of enclosing ice sheets on terrestrial
edifices to postulate possible consequences for the putative volcanic
morphologies of the ILDs. This chapter discusses the initial findings of
our analog studies.

7.2 Geomorphic commonalities between terrestrial Tuyas and Mars ILDs

Barring a returned sample or human/robotic science data from Valles
Marineris, we are constrained to using remotely sensed spacecraft data for
investigating possible volcanic origins of the ILDs. Imagery and derived
topographic data allow us to examine only three ILD attributes: gross
morphology, stratigraphy, and field relationships of the caprock and flank
deposits. Comparative analog studies of these attributes on terrestrial sub-ice
volcanoes reveal some unique and definitive morphologic characteristics.

7.2.1 Gross morphologic characteristics (observed mostly in
medium-resolution datasets)

Planetary scientists generally think of a sub-ice volcano as the idealized
flat-topped subcircular mesa or tuya (Figures 7.2 and 7.3a). Tuyas are
defined by the presence of lava-fed deltas (Skilling, 2002). The deltas represent
a late subaerial progradational phase of edifice-building (Smellie, 2000).
Although the deltas are constructed on top of a subaqueous tuff cone
and/or pillow mound, these earlier-formed constructs do not significantly
affect the final shape of the edifice (Figure 7.2). The lavas are the volcanic
equivalent of topset beds in a sedimentary delta (Figure 7.2). They overlie
cogenetic coarse hyaloclastite breccias (equivalent to sedimentary delta
foreset beds; Figure 7.2), which dip radially outward at steep repose angles
(25—40°). The breccias formed by a combination of quench-induced shatter-
ing and avalanching at the delta brinkpoint (Skilling, 2002). The junction
between the lavas and dipping breccias is a planar surface (known as
a passage zone) that records the water level coeval with delta formation
(Jones, 1969, 1970).

In addition to the ideal flat-topped tuya having caprock lying above
friable flank deposits, terrestrial volcanic fields usually contain sub-ice edi-
fices that show many permutations of geomorphic shapes. These permutations
take several basic forms due to the idiosyncrasies of syn- and post-eruptive
geologic events particular to an individual edifice and to the geographic
location. For example, sub-ice volcanoes in Antarctica and Siberia may
also show cuspate margins (concave out) and arm- or wing-like projections
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Figure 7.3. Views of terrestrial tindars and tuyas; (a) Hludufell, an Icelandic
tuya with two horizons of layered caprock (white arrows) that embays
older small hyaloclastic mound (black arrow); (b) Derbi-Taiga (Siberia),
a tuya showing cuspate margins and wing-like flank protrusions; scale
bar = 5 km (part of RADARSAT image R120050130U3S016 courtesy of
Goro Komatsu); (c) Herdubried (Iceland), a tuya capped by a prominent
scoria cone (central peak in view) that overlies resistant, horizontal lava
layers; (d) Tindaskagi (Iceland), a capped tindar ridge with no visible vents;
(e) Sodulholar (Iceland), a classic tindar; (f) Vifilsfell (Iceland), a tuya with
a complex plateau summit; (g) down-dropped block on un-named 600 m
high tindar mound, 20 km west of Askja (Iceland); (h) glacier cutting the
north end of Tungnaarfjéll (Iceland; a tindar).
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Figure 7.4. Views of Martian interior layered deposits (ILDs). (a) Viking
three-dimensional image of ILD mounds and landslide materials on floors
of Ophir (300 km wide) and central Candor Chasmata; (b) MOLA derived
three-dimensional view of complex ILD mounds in Melas Chasma (90 km
wide box denotes location of (h)); (c) Viking image of Ganges Mensa; note
narrow linear ridges on top of mound that may be vent sites (boxes denote
location of images on (d)); (d) parts of MOC images of Ganges Mensa: on left,
horizontally layered resistant caprock (M804332, 2.86 m/pixel) and on right,
arrows on flank denote alignment of ridge wedge points indicating steeply
dipping layers schematically shown on illustration (M304405 and M401737
mosaic, 5.7 m/pixel); (e) Viking-imagery-draped MOLA topographic view
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along the edifice base (Smellie and Skilling, 1994; Komatsu et al., 2004;
Figure 7.3b). Subaerial scoria cones formed concurrently with the layered
lava cap. This scoria may be preserved on the mesa top to give edifices
a more cone-like appearance (e.g., Herdubried (Iceland); Figure 7.3c¢),
although scoria is friable and tends to be easily eroded if glacial ice reforms
on top. Ridges composed of tephra, known as tindars or hyaloclastic ridges,
are also common subglacial volcano forms and are formed by eruptions
along volcanic fissures. The ridges are dominated by tephra but they may be
capped locally by lava where they are beginning to transform to a ridge-shaped
tuya (e.g., Figures 7.3d and ¢). The more familiar mesa-like tuyas are edifices
that, over time, have become centralized over the erupting vents and have
transformed to subaerial effusion and progradation of lava-fed deltas.
Some of these edifices may be compound, formed of interlayered subaerial
lava and subaqueous hyaloclastite breccia, indicating multiple eruptive
episodes into successively formed meltwater lakes (arrows in Figure 7.3a).
Some tuya plateaus are complexes with multiple volcanic sources and
likely overlapping ages (e.g., Jones, 1969, 1970; Figure 7.3f). Because of ice
confinement, most subglacial volcanoes are relatively tall. By contrast,
pillow lava deposits typically form low mounds, because these volcanoes
never reached a height at which magmatic volatiles could exsolve and form
hydromagmatic tuff eruptions. In terrestrial volcanic fields, postglacial
and interglacial subaerial volcanoes are commonly interspersed among sub-
ice edifices. For example, since the last glacial maximum in Iceland, large
subaerial volcanoes, pyroclastic cones, and embaying subaerial lava flows
have been constructed above or adjacent to subglacial edifices. Tuyas and
tindars are commonly faulted owing to seismic shock and flank collapse
associated with eruptions (Van Bemmelen and Rutten, 1955; Smellie
and Skilling, 1994; Smellie, 2001; Figure 7.3g). After an eruption ceases,
reformed wet-based glaciers may carve U-shaped winding canyons and
cirques into sub-ice volcanoes (Figure 7.3h).

If the ILDs on Mars are mostly sub-ice volcanoes, we should see similar
permutations of shape. In fact, the shapes of the ILD mounds do vary

Caption for Figure 7.4. (cont.) of Candor Mensa (110 x 50 km) shows two
resistant horizons (arrows); (f') Viking-imagery-draped MOLA topographic
view of Ceti Mensa in west Candor Chasma showing horseshoe-shaped
scarp and arrowed cone (inset shows arrowed direction of northeast view);
(g) Viking draped MOLA view of Ganges Mensa showing two blocks
(arrow, shown larger scale in Viking image inset) that may be have been
down-dropped and wind eroded; (h) U-shaped, flat-floored canyon with
sharp angled curved valley (arrow) cut into west Melas ILD (location in b).
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considerably (Figures 7.1a and 7.4a). ILD mounds in Ganges and Candor
Chasmata (Figures 7.4c, e, and g) and Hebes Mensa show cuspate, arm- or
wing-like projections (cf. figure 19 in Komatsu et al., 2004). Many ILDs
are ridges that parallel the long axis of their enclosing chasmata; others
are mounds, mesas, or complex plateaus (e.g., Melas Chasma; Figure 7.4b).
Ganges Mensa is a typical free-standing ILD mesa (Figure 7.4c) with
a horizontally bedded caprock and steeply dipping flank deposits
(Chapman 2002; Figure 7.4d). Candor Mensa shows two horizons of caprock
(arrows in Figure 7.4e). The western ILD plateau in Melas Chasma shows
numerous horizontal layers that overlie and partly cover what appears to be
a 55 km long linear trough, which is visually analogous to linear subaerial
pyroclastic cones on Earth (figure 7.9 in Chapman, 2002). Ceti Mensa has
a low dome shape with a superposed cone, and the entire mound is locally cut
by huge horseshoe-shaped scarps with what appear to be massive outlying
displaced blocks of material (Figure 7.4f). Ceti Mensa also has resistant layers
that dip down at the side of the mound but is mostly composed of numerous
layers of less-resistant materials with highly variable dips and folds. These
characteristics and the dome-like overall shape of Ceti Mensa are more
reminiscent of a subaerial volcano. In addition, Ceti Mensa also has two late-
stage large blocky plate flows that may be inconsistent with a subglacial
origin (Skilling et al., 2002). Younger dark materials embay the ILDs. These
materials may be some of the youngest basaltic volcanic pyroclastic eruptions
on the planet (Geissler et al., 1990; Lucchitta, 1990). Local vents have been
observed in MOC images of this dark material (Chapman and Smellie, 2001;
Lucchitta, 2001) and new THEMIS data suggests that some outcrops of the
material may be olivine basalts (Christensen, 2003). Possible post-depositional
faulting has been suggested for apparent structures and offsets on ILDs in
Juventae (Komatsu er al., 2004) and Hebes (Lucchitta, 2001) Chasmata.
In addition, on its southeast side Ganges Mensa shows two small brighter
mounds that may be have been down-dropped and eroded by wind
(Figure 7.4g). Alternatively, these small mounds may be older hyaloclastic
volcanoes that have been draped by the larger edifice. This relation may be
analogous to that observed on the Hludufell tuya in Iceland which embays
older small hyaloclastic mounds on its eastern side (Figure 7.3a; I. Skilling,
personal communication). Similar to glacial erosion, the complex plateau
mound of west Melas Chasma (Figure 7.4b) shows a semicircular, deep,
steep-walled cirque heading a U-shaped canyon that displays a sharp right-
angle bend (arrow in Figure 7.4h). High-standing glaciers can preferential cut
cirques on south exposures of terrestrial mountains due to the sun seasonally
melting ice only on that side (Figure 7.5a). The tops of certain ILDs in
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Figure 7.5. Views of hollows cut into Icelandic mountains and Martian
mounds. (a) Aerial photograph showing south-facing chain of glacial cirques
in Icelandic mountain (field of view approximately 30 km); (b) Viking mosaic
showing chain of three south-facing, cirque-like hollows in ILDs of east
Candor Chasma (field of view approximately 120 km).

East Candor Chasma also show steep cirque-like hollows mostly on southern
exposures (Figure 7.5b).

7.2.2 Caprock and surface features

Terrestrial sub-ice volcanoes often form uncapped piles of tephra/pillow
lavas (tindars) or can have caps of layered subaerial lava (tuyas).
However, another distinct morphology occurs in Iceland just west of the
Hekla volcano. Naefurholtsfjoll tindar is capped by deposits of bright white
pumice and black lithics derived from Hekla that show unusual folds
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and drapes (Figure 7.6a). Similar to Naefurholtsfjoll tindar, Candor Mensa
has a friable cap of mostly bright-albedo layers eroded into unusual folds
and drapes (Figure 7.6b). On Naefurholtsfjoll, the Hekla ash lithics
are heavier pre-existing dark volcanic rock fragments from the Hekla
eruption that were dislodged by the erupting magma (accessory or accidental
fragments). The pumice is vesicle-rich juvenile magma that is very light
in weight. The Hekla 4 eruption that occurred 4000 years ago was lithic-rich
(42 wt.% lithics; Larsen and Thorarinsson, 1977). Wind erosion preferentially
winnows the lighter pumice, leaving the darker heavier lithics on the crests
of dunes, creating an illusion of folds on the outcrop (Figure 7.6¢c). By con-
trast, the younger Hekla 3 eruption (3000 ka) is lithic-poor (Larsen and

Figure 7.6. Views of friable mantles on Icelandic and Martian mounds.
(a) Naefurholtsfjoll tindar capped by Hekla ash deposits of bright white
pumice with black lithics that show unusual folds and drapes (inset);
(b) Viking and MOC-imagery-draped MOLA topographic view of Candor
Mensa ILD, showing a friable cap of mostly bright-albedo material eroded
into unusual folds and drapes (inset); (c) recent tephra (Hekla 4 ash) on
Naefurholtsfjoll (Iceland); the ash lithics are heavier and occur on the crests
of dunes; lighter white pumice is preferentially removed and now occurs
mainly on lee and stoss sides of ripple-like eolian bedforms; (d) lithic-poor,
mostly pumiceous Hekla 3 ash eroded into drapes on Naefurholtsjoll.
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Thorarinsson, 1977) and the wind erodes this pumiceous ash layer into
drapes (Figure 7.6d).

Resistant layered lava caprock can show vents, including volcanic craters
and feeder dikes, on both terrestrial tuyas (Figure 7.7a, b) and ILDs
(Figure 7.7c; figure 7.12 of Chapman and Tanaka, 2001). However, many
ILDs show no obvious vents (Figure 7.4a). Vents are also commonly eroded
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Figure 7.7. Vent sites on resistant layered lava caprock of tuyas in
Iceland and possibly on Mars. (a) Circular volcanic crater (arrow) on
2.5 km diameter Hrafnabjorg; (b) narrow central fissure vent on 4 km
wide Herdubreidartogl (adapted from Van Bemmelen and Rutten, 1955);
(c) HRSC/Mars Express image of Central Ophir and Candor Chasmata
showing possible circular volcanic vents (black arrows) and central
vent (white arrows), box denotes location of Figure 7.14a, 30 km scale bar
at top.
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Figure 7.7. (cont.)

or obscured on many terrestrial sub-ice volcanoes (Figure 7.3d) as, after
volcanism has subsided, the reformed ice can scour the caprock surfaces and
mantle them with a layer of glacial till.

Resistant caprock layers with distinctive, comparatively small-scale
scalloped edges are observed on Lagafell tuya in Iceland (Figure 7.8a).
On some ILDs, resistant caprock layers show similar scalloped edges and
a comparable origin is inferred (e.g., Ganges Chasma; Figure 7.8b). These
scalloped margins are formed by preferential weathering at the terminations
of lobate lava flow lobes (Figure 7.8¢) and along edges of cooling cracks
(Figure 7.8d), which is promoted if the caprock margins are slightly back-tilted
during post-eruption subsidence in the vent area or uplift from younger
magmatic intrusion.

In Iceland, Dyngjufjoll Ytri is an uncapped tephra mound with partly
filled pits in random and linear distributions scattered on its surface
(Figure 7.9a). These pits were interpreted as small maar craters formed
when younger lavas intruded the tephra mound and interacted with
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Figure 7.8. Resistant caprock layers with scalloped edges on Icelandic and
Martian mounds. (a) Lagafell tuya; (b) MOC image of Ganges Chasma
mound (rotated 180°); (c) ground view of back-tilted scalloped lava flow
margin on Lagafell (arrow points to top of 3 m staff); (d) note straight edges
of cooling cracks and protrusion of normal lobate weathered margin of
Lagafell lava flow (3 m scale bar).

groundwater or ground ice (Sigvaldason, 1992). Cemented pipe-like struc-
tures that mark the centers of eroded pits are also present on the sides
of Dyngjufjoll Ytri (Figure 7.9b). The pipes are hollow and consist of
indurated tephra cemented by hot fluids during the phreatomagmatic
eruptions. The friable surface of Candor Mensa (Figure 7.9¢) also shows
unusual pits, which are circular or irregularly shaped, may have double rims
or appear filled, and are randomly or linearly distributed (Figure 7.9d).
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Figure 7.9. Pits on friable tops of Icelandic and Martian mounds.
(a) Dyngjufjoll Ytri; (b) cemented pipe-like structure that marks the subsur-
face center of a now-eroded pit on east side of Dyngjufjoll Ytri; (c) Viking and
MOC draped MOLA view of Candor Mensa (box indicates location of d);
(d) irregularly shaped pits (now mostly filled with probable eolian material)
on part of MOC image M 1300507 (5.81 m/pixel).

They are broadly similar to those at Dyngjufjoll Ytri and may have had
a similar origin.

7.2.3 Flank characteristics

Viking and MOC images of apparently wind-eroded friable flanks of
many ILDs show several instances where the flank layers appear to consist
of steeply dipping beds with different erosional resistances (Komatsu
et al., 1993; Chapman and Tanaka, 2001; Chapman, 2002; Figure 7.4d).
However, several ILD mounds also have near-horizontal beds in their flanks
(figure 7.13 in Chapman, 2002; Komatsu et al., 2004). For example, cliffs
at the base of mounds in Melas and Juventae Chasmata and near the
summit region at Candor Mensa show nearly horizontal, thinly stratified to
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Figure 7.10. Nearly horizontal, alternating thinly stratified and thicker
massive layers in Icelandic and Martian mounds. (a) Part of MOC
image M1801893 (5.83 m/pixel) on west midpoint of Candor Mensa;
(b) approximately 1 km wide aerial view of Tindaskagi.

L

massive layers (Figure 7.10a). Subglacial tindar outcrops (i.e., subaqueously
deposited tephra mounds/ridges) also show flanking cliffs composed
of alternating thinly stratified and massive layers (Figure 7.10b). This is a
very characteristic feature of tindars (e.g., Smellie, 2000, 2001). The indivi-
dual layers are due to repeated volcanic eruptions that generate large
columns of pyroclastic material, which collapse onto the surrounding
meltwater lake and cascade down submerged volcanic slopes, mainly as
sediment gravity flows (Smellie, 2001; White et al., 2003). Layer thickness
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is relative and is determined by the volume of each eruption (i.e., thicker
massive layers result from large eruptions, whereas thinly stratified layers
form from rapidly repeated series of smaller eruptions). The attitude of beds,
in particular the presence of flat-lying beds, depends on the eruptive
environment and morphology of the underlying edifice. In an ice-confined
(englacial) setting, the meltwater lake has a relatively small size. It is
rapidly infilled by tephra layers that abut the encircling ice walls and
horizontal bedding is rapidly established. This has been demonstrated in
some Icelandic tindars, in which bedding at higher levels in the volcanic
pile may even be slightly back-tilted (Smellie, 2000). Similarly, a tindar at
Helgafell may show morphological evidence of possible ice confinement
on its east side (Figure 7.11a). The eastern flank has a linear termination
interpreted as largely unmodified and caused by hyalotuff material banked
against a former ice wall that has since melted away (Schopka et al., 2003).
Tephra cools down during its passage through the air and in a meltwater lake.

i

Figure 7.11. Views of 900 m wide Helgafell tindar, Iceland. (a) Aerial image
shows abrupt linear east flank termination; (b) left, view of north Helgafell
showing tephra flow lobe with a steep west wall, and right, gray shading
marking possible location of a former ice wedge.
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As a result, it contains insufficient energy to melt ice rapidly at the base of the
edifice. Hence, the tephra accumulates more rapidly than the enclosing
ice barrier can retreat. A few ILD mesas in Melas, Ganges, and Juventae
Chasmata also show flank material with abrupt termination along a lineation
that suggests terrace erosion or confinement against subsequently removed
material (figure 16 in Chapman, 2002). Alternatively, the Helgafell tindar has
been affected by faulting and the abrupt east flank termination of this
terrestrial tuya may be due to faulting alone (T. Thardarson, personal
communication 2005).

On Mars, the talus material eroded off the ILD shows no large blocks
at the MOC scale of about 1.5 m/pixel per picture element (Malin and
Edgett, 2000). This phenomenon also occurs on some terrestrial tuyas and
tindars. The south end of Naefurholtsfjoll tindar (elsewhere capped by
Hekla ash, see above) is covered by a veneer of pebbles to fist-size cobbles
of rounded volcanic lavas (Figure 7.12a). The exposed and underlying
tindar at this locale is capped by fluvio-glacial deposits, consisting of angled
beds of rounded lava clasts embedded in a matrix of hyaloclastic ash
presumably eroded off some upslope part of the tinder (Figure 7.12b).
The ash matrix of the fluvio-glacial material weathers away leaving behind
an inclined pediment of rounded rocks which armor and stabilize the flanks
of the tindar. Another type of armoring can be observed at the Icelandic
Armansfell tindar where the slopes show a lack of boulders at scales below
that of the MOC (Figure 7.12¢). Closer examination of Armansfell showed
that armoring was due to coherent (lacking internal cooling cracks or
joints), cemented fluvio-glacial and hyaloclastic tuff that were deposited
at the angle of repose. The cement (probably zeolites and palagonite),
the steep dip of the beds, and cohesiveness allow water to run off the
edifice without undercutting materials and creating boulders.

The Mars ILDs show gullies cut into discrete, mostly low-lying flank
deposits (Figure 7.13a). Gullies cut into discrete layers in volcanic rocks
are common on Earth and are due to groundwater seepage that emerges
on slopes along the base of less permeable horizons (Figure 7.13b). It is
an essentially subaerial process and the gullies form after the ice has
melted and the meltwater lake has drained. Gullies are eroded into all
sides of the ILDs including their north-facing slopes, so solar heating
alone likely did not generate the gullies, but rather some internal heating
mechanism like intrusion of magma, like that which may have erupted to
form the much younger and embaying dark material (Chapman and Smellie,
2001). This is common in active volcanic areas like Iceland, where many
subice volcanoes have been eroded and altered by local hot springs.
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Figure 7.12. Views of sediment armoring on Icelandic tindars. (a) South
end of Naefurholtsfjoll (arrow points to location of b) covered by a veneer
of pebbles to fist-size cobbles of rounded volcanic lavas (camera
case and hammer for scale in right foreground); (b) Naefurholtsfjoll
fluvio-glacial deposits, consisting of dipping and horizontal beds of
rounded lava clasts embedded in a matrix of hyaloclastic ash; (c) steeply
dipping tephra deposits on boulder-free slope on Armansfell showing
that armoring is due to cohesive tephra mantle (15 m wide road on lower
right for scale).



Geomorphic commonalities between terrestrial Tuyas and Mars ILDs 197

Figure 7.13. Low-lying flanks of Martian and Icelandic mounds, showing
gullies (groundwater breakouts) associated with less permeable layers. (a)
MOC images M 1003480 on left and M 1102514 on right (scale bars = 1 km) of
ILDs in east Candor Chasma; (b) southwest side of Naefurholtsfjoll tindar;
Hekla in background.

We may now be observing this same type of local hot spring alteration on
Mars, as the OMEGA/Mars Express has locally detected sulfates on some
ILDs (Gendrin et al., 2005).

During and after the last glacial maximum, glaciers have continued to
erode sub-ice volcanoes in Iceland. In central Candor Chasma new data from
a Mars Express Mission anaglyph, THEMIS, and MOC images clearly show
the lower flanks of two ILD mounds (downslope from the cirque) have been
sheared off at level heights (Chapman et al., 2004). The substance that sheared
off the ILD flanks has subsequently been removed (Figure 7.14). Ice can shear
off material in this level fashion and later melt away. These new images and
some older Viking images also show a scarp (cirque?) and medial/terminal
ridges (moraines?) in dark floor material in central Candor Chasma. The
shearing in this area, associated with possible moraines and a cirque are strong
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Figure 7.14. Cliff erosion or shearing along the base of ILDs flanks in central
Candor Chasma shown in (a) approximately 30 km wide THEMIS image
V10551002 (location shown in Figure 7.7c); (b) MOC image E1900200
(1.5 km wide); and (¢) MOC image E1700142 (1.5 km wide).

evidence of glacial processes. The possible cirque and moraines mostly form
in young dark floor materials (Figure 7.15) which likely indicates that the
ancient glacier was very young (Chapman et al., 2004). The low level of these
possible glacial features on the ILD flanks may suggest the hypothetical
paleoglacier to be some of the very last surface ice in central Ophir Chasma,
as a much larger volume of ice would be required to fill the chasmata
and form the ILDs if the mounds are indeed mostly sub-ice volcanoes
(Chapman, 2003b).

7.3 The influence of ambient conditions on terrestrial subglacial eruptions

The most important effect of an enclosing ice sheet on an erupting volcano
is to confine the eruptive products, whether meltwater or magmatic materials.
Otherwise, eruptions will be indistinguishable from their submarine or
lacustrine equivalents (Walker and Blake, 1966). Beyond that influence, the
thermal regime, rheologic properties, and compositions of ice sheets are
paramount in their influence on sub-ice eruptions.



The influence of ambient conditions on terrestrial subglacial eruptions 199

P

Figure 7.15. Lightened Viking image of central Candor Chasma (north
toward upper left corner) showing possible moraines and scarp in dark floor
material; unlightened inset image shows relative dark tone of floor material;
Figures 7.14b and ¢ show locations of these figures.

7.3.1 Thermal regime

The temperature distribution, or thermal regime, of a glacier or ice sheet
is fundamentally important for the way a glacier deforms (i.e., rheology),
and with regard to the role of meltwater (i.e., hydraulics). Glaciers may be
classified empirically by their thermal regime. There are three main
types (temperate, polar, and polythermal), although transitions may occur
in the same glacier, as in the present Antarctic Ice Sheet (Wilch and
Hughes, 2000). Temperate ice is relatively warm, i.e., at the melting point
throughout except for a thin surface layer. A thin layer of meltwater intervenes
between the glacier sole and underlying bedrock and the glacier moves
by sliding. Englacial vaults in temperate ice are capable of having their
meltwater drained suddenly, in jokulhlaups. In other cases, the vaults
will maintain their meltwater and lava-fed deltas may develop within
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the ice cauldron lake. Being relatively warm, temperate ice will melt and
deform (by flow) comparatively rapidly (cf. Gudmundsson, 2003). Englacial
lakes will therefore be relatively wide and ice walls will collapse and recede
(by melting) ahead of an advancing lava-fed delta. Rapid ice recession
will repeatedly remove support from the volcano flanks, leading to frequent
flank collapses and numerous slump scars that should be prominent,
particularly in the early-formed tephra sequences (tindar/hyaloclastic stage).
Any subglacial meltwater tunnels are likely to get repeatedly blocked by
these collapses. Edifice morphologies generally should be identical to
terrestrial examples, possibly modified to higher volumes caused by poten-
tially greater magma discharges on Mars (Wilson and Head, 1994).

Polar ice is much colder and well below freezing throughout the year.
The ice is frozen to the bed and movement is usually assumed to be
accommodated by intra-ice shear. Polar ice lacks free water, and meltwater
cannot escape subglacially because it is frozen to the base. Englacial vaults
will form but will always overflow, hence there will be no morphological
evidence for meltwater-derived landforms, such as channels and eskers.
In its colder state, the ice will not deform so readily by flowing into the
vault or lake. It is also less liable to collapse. The additional thermal
requirements for melting will also ensure that any vault/lake will be
narrower and will be rapidly back-filled by erupted magmatic products.
Any lava-fed deltas will thus be very short and subaerial lava could
overrun onto the surrounding ice sheet surface, which, following abla-
tion, should form extensive fields of chaotic lava rubble surrounding tuya
landforms. There is no limit to the maximum height of an edifice constructed
englacially, being determined solely by volume of magma discharged and
thickness of the ice. More stable ice walls will lead to fewer flank collapses
and slump scars in the volcanic sequences. Edifices may have generally
higher aspect ratios than those in temperate ice. Currently, Mars is a frigid
planet and was likely so in the past; therefore polar ice might be the
expected thermal regime.

Polythermal (or sub-polar) ice is also cold with temperatures well below
freezing, but their bases are warmed to the melting point from beneath by
geothermal heat and they are therefore wet-based. A major consequence of the
variable thermal regimes of ice is that colder ice requires significantly more
energy to melt compared with warmer deposits, since energy has to be used to
warm the cold ice to its melting point. For example, every kilogram of ice at
minus 50 °C at atmospheric pressure requires 209 kJ of energy simply to raise
its temperature to the freezing point. Meltwater can escape subglacially in
polythermal ice throughout some eruptions, forming channels and eskers
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extending radially away from subglacial volcanic centers, and relatively
tall edifices compared with submarine and (non-glacial) lacustrine eruptions.
The extended “wings” or “‘arms’ may be a consequence of the progradation
of multiple individual lava (delta) streams, probably at different times during
an eruption, or else these shapes are erosional, formed by glacial downcutting,
long after an eruption ceased.

7.3.2 Rheology

Ice below its pressure melting point is harder to deform than ice at its
pressure melting point. For example, under a given stress (lithostatic stress
(o) = pgh; where p is hydrostatic pressure, g is gravity, and / is height of
the ice), ice at 0°C deforms at a rate 100 times faster than ice at minus
20°C (Hambrey, 1994). The presence of solid (non-volatile) impurities
also affects rheology, with debris—ice mixtures sharply increasing ice
strength. Finely dispersed particulate concentrations less than 10% have
a negligible effect, but they significantly strengthen ice (compared with
pure ice) when they exceed 10%. The presence of solid impurities (tephra
particles) is likely to be ubiquitous in glaciers in regions affected by
volcanic activity. Their influence on ice rheology is relatively predictable,
by increasing ice strength and, thus, strain response time, and these effects
will be greatest for polar (colder) glaciers. If the ice is dirty, it will better
resist flow into the vault or lake. The lower atmospheric pressure on
Mars should yield higher eruption velocities and lower final densities
of decompressed gas, which would cause eruption columns to rise much
higher, have larger near-vent particles, and distribute fine particles much
farther than those on Earth (Wilson and Head, 1983, 1994; Wilson and
Heslop, 1990). In addition, regional and global dust storms are common
events on Mars. Thus, dirty ice on Mars should be widespread and common,
as has been suggested by several authors (e.g., Clifford, 1993; Carr, 1996;
Ghatan and Head, 2002).

7.3.3 Composition

The presence of uniformly distributed impurities, such as air, salts, and
CO.,, lowers the melting point relative to pure water ice, so more ice will
melt per unit mass of magma forming broader, more voluminous, meltwater
lakes. Sub-ice volcanoes may thus form broad-based edifices under these
conditions. It has been suggested that any ice sequestered in the Martian
subsurface would have eventually segregated to form a large volume of highly
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concentrated brines (Brass, 1980). The possibility of brines had been consi-
dered by others, but subsequently dismissed based on a long-held assumption
that existence of near-surface fluids was unlikely throughout much the
latter half of Mars’ history (Clark and Van Hart, 1981; Jakosky, 1985;
Zent et al., 1990). However, the subject of brines has been revisited and
convincingly supported on the argument that frozen eutectic brines could
be possible if an initial saline hydrosphere underwent evapoconcentration
and evolved by chemical interaction with mafic rocks, and this brine would
be theoretically stable and could persist in local subsurface aquifers perched
between ground ice and crystalline salts (Knauth and Burt, 2002). Recently,
the casts of possible evaporitic minerals seen on “El Capitan™ rock at the
Mars Opportunity Rover Site now strongly suggest that salty fluids did
occur in the subsurface of Mars (Squyres et al., 2004). Without precipitation,
surface ice on Mars is fed solely from subsurface sources. In the subsurface,
aquifers eventually segregate into ice above brine and salts beneath; the
brine being the last to freeze is also the first to melt and drain out of country
rock (Knauth and Burt, 2002). However, as there are no comparable
terrestrial volcanoes that have formed in brines more saline than ocean
water, we are unable to make informed hypotheses about the resulting
possible end morphological shapes. Potentially, volcanic eruption into brines
could form sulfate alteration minerals and may perhaps account for the
OMEGA detected sulfates on ILDs, rather than local hydrothermal spring
alteration.

7.4 Discussion

Although the origins of ILDs are unknown, an origin by sub-ice volcanic
processes makes sense on many levels. For example, one aspect of the ILDs
that has been consistently overlooked is their occurrence only in elliptical
chasmata. The linear chasmata are noticeably devoid of ILDs, which suggests
a causal relationship between the origin of elliptical troughs and their internal
mounds (or an unusual amount of erosion within only linear troughs).
The elliptical chasmata are not eroded and filled impact craters, as they are
(1) not circular, like impact craters; (2) are in all cases completely rimless;
(3) are much too deep for impacts of this size; and (4) have long axes aligned
with the tectonic trend of Valles Marineris. Assuming a subglacial or sub-
aqueous setting for the ILDs, a simple tectonic control (and associated rupture
of a confined aquifer) alone seems an unlikely trigger for ILD volcanism, or
we should also observe ILDs in the linear chasmata, for which a tectonic
setting is most likely and in which ILDs are absent. We suggest that the
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method of formation of the elliptical chasmata and the ILDs may be
genetically related. Rise of plutons within the Mars crust could have generated
the elliptically shaped chasms as very large explosive calderas above the
magmatic foci (linear chasma could be tensional structures related to deeper
magma chambers). On Earth, such super-calderas generate huge ash blan-
kets and on Mars we would expect even more widespread ash blankets
with much finer-grained particles (Wilson and Head, 1994). Some of the fine-
grained layered sediments (Malin and Edgett, 2000) that occur directly
east of Valles Marineris may be the eroded remnants of hypothetical ash
blankets. The putative magma sources may have provided enhanced
geothermal heat to drive a subsurface circulation that was ultimately
responsible for filling the volcano-tectonic depressions with water/brine.
These magma chambers would then be responsible for providing the lava
that erupted to form the ILDs.

Another observation consistent with eruption of ILDs beneath ice is that
the Valles Marineris canyon and Juventae Chasma terminate in topographic
barriers immediately prior to emergence of associated outflow channels.
The negative topography of the chasmata could have trapped any extant
ice/water (Smith et al., 1999; Chapman et al., 2003). However, the
presence of those channels indicates that water in large volumes had to have
escaped from the chasmata, thus requiring some mechanism (like geothermal/
volcanic heating) to melt the ice (Chapman et al., 2003). The uphill flow
of water at the chasmata terminations is strongly suggestive of meltwater flow
at the base of a glacier(s) whose surface dipped out towards its termination,
since the direction of basal water flow is strongly influenced by surface
gradient and meltwater can flow up a basement surface (Bjornsson, 1988).
Such a scenario relies, however, on that ice being temperate (or poly-
thermal), not polar, and we should also expect to see evidence for subglacial
meltwater in the form of eskers (like the wing-like forms of Ganges
Mensa) and/or channels carved in the chasmata floors (cf. Head and Pratt,
2001). Alternatively, eruption of the ILDs could have provided ample heat
to melt any ice in the chasmata (Chapman et al., 2003). Meltwater escaping
supraglacially (cf. Smellie, 2000) could also run out over the plateau surface
adjoining chasmata if the ice sheet and plateau surfaces were of similar
elevations. Such eruption-related supraglacial flooding may occur initially
as a widespread sheet of meltwater (Smellie, 2002) that will not cause
significant erosional modification of the surrounding plateau landscape,
although small-scale erosional features are likely. Later flooding is typically
confined to supraglacial channels (Smellie, 2002), and is associated with
a reduced volume of meltwater. The volume may not be sufficient, nor the
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event of long enough duration, to carve large fluvial water courses on the
plateau, which may explain their absence on Mars.

An original water-rich environment in several chasmata is suggested by
the high proportions of combined water predicted from epithermal neutron
rates measured by the Neutron Spectrometer on the Mars Odyssey
spacecraft. For example, parts of Hebes, Ophir, west Candor, and west
Coprates Chasmata show 6 mass% H,O and <2 mass% in East Candor,
Melas, ecast Coprates, Juventae, and Ganges Chasmata. Volcanism in the
chasmata could also explain the differing amounts of detected H,O. After
gradual sublimation of unstable surface ice, continued late-stage volcanism
(signaled by presence of young dark material and associated vents;
Chapman and Smellie, 2001; Lucchitta, 2001) could have extended the
geothermal/hydrologic cycle and driven any remaining subsurface ice out
of the more volcanically active chasmata (Chapman, 2003a).

Several morphological commonalities exist between terrestrial analogs
and the ILDs that appear to suggest comparable volcanic processes and
may also lend support to interpretations of a sub-ice eruptive environment
on parts of Mars. For example, like terrestrial deposits, the 1LDs vary
widely in overall shape. Some ILDs show the ideal flat-topped tuya shape,
formed of resistant horizontally layered caprock over friable steeply dipping
slopes (e.g., ILDs in Ophir Chasma). Other ILDs show morphologies similar
to terrestrial tindars, i.e., they are friable ridges with local occurrences of
resistant horizontally layered caps (e.g., Baetis Mensa, central and east
Candor Chasma, and the large mound in Juventae Chasma). The smaller
mounds in Juventae Chasma and Hebes Mensa resemble uncapped tindars.
In addition, some ILDs closely resemble volcanoes formed by subaerial erup-
tions (e.g., Ceti Mensa and parts of Melas Chasma troughs). The geographical
association of subglacial and subaerial edifices is also a feature of terrestrial
volcanic fields. Other ILDs show angular unconformities and displaced
blocks that suggest unstable edifices possibly affected by seismic shocks. ILD
mounds in Ganges and Candor Chasmata and Hebes Mensa also show the
unusual cuspate, wing-like projections that are found in some terrestrial
subglacial volcanoes. Many smaller-scale caprock features observed on
terrestrial edifices can also be seen in the Martian analogs, such as resistant
and soft wind-eroded (ash?) caps, a few vent sites, scalloped lava flow edges,
and partly filled pits on soft or uncapped mounds. Finally, like some
terrestrial sub-ice volcanoes, the flanks of the ILDs show fine to massive
layers having both steep and nearly horizontal dips, confined flank flows
at the base, lack of flank boulders, gullies confined to discreet layers,
and possible glacial erosion.
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Comparing observations of the ILD morphologies with our inter-
pretations of ambient ice conditions and their influence on the resulting
edifices leads to some interesting speculations. For example, as discussed
above, eruptions underneath ice on Mars should lead to edifice morphologies
generally identical to terrestrial examples, possibly modified to higher volumes
caused by potentially greater magma discharges on Mars. ILDs that have the
idealized tuya/tindar forms are observed in Ophir and central and east Candor
Chasmata. Although cold-based ice would have been likely on the surface of
paleo-Mars (e.g., Head and Marchant, 2003), closely associated ILDs erupting
at approximately the same times may create conditions of basal melting on a
regional scale comparable to ice with a temperate thermal regime (see Ghatan
and Head, 2002). The height of isolated Hebes Mensa rivals that of the
surrounding plateau. The plateau surface also lacks significant morphological
evidence of overflowing meltwater. Perhaps, similar to polar ice, water in the
englacial vault overflowed across the surface of the ice and out of Hebes
Chasma onto the surrounding plateau. Finally, edifices formed in temperate
ice may have wing-like channels, eskers, and may be relatively tall. ILDs in
Ganges and Candor Chasmata, and even Hebes Mensa, have similar cuspate,
arm- or wing-like projections, possibly indicating ancient temperate or
polytherma ice conditions.

A common observation about Mars is that many of its geologic features are
huge. Similarly, the ILDs, if they are sub-ice volcanoes, have higher aspect
ratios (J.L. Smellie, 2003, unpublished data) and are 10 orders of magnitude
larger in size (Chapman and Tanaka, 2001) than terrestrial edifices. There are
some differences between the planets that could explain the deviations in size
and form. First, of the studied terrestrial volcanoes erupted beneath glaciers
and ice sheets, none have formed in ice thicknesses comparable to those postu-
lated to have occurred in Valles Marineris. If the Earth’s ocean froze, then
eruptions that produced the Hawaiian volcanoes could produce tuyas/tindars
on the same scale or larger than those of Mars. For example, the big island of
Hawaii (Earth’s largest volcano) is 135 km long and 9 km high, comparable to
the Ganges Mensa ILD (105 km long and 4 km high). Second, many volcanoes
on Mars grow much larger than those on Earth, because magma discharges are
potentially much greater (Wilson and Head, 1994) and there are no tectonic
plates to shift and displace the volcanism. Third, stress (¢ = pgh) is less on
Mars, because the surface gravity for Mars is 3.71 m/s* and is 9.8 m/s? for
Earth, so Martian ice should deform more slowly and perhaps support taller
edifices. Finally, the exceptionally large volumes of the Martian edifices
(compared to Earth) would also be easier to explain if many are polygenetic
volcanoes formed over a longer period of time. Polygenetic volcanoes are
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constructed during eruptions from multiple overlapping vents at different
times. These types of volcanoes could construct an aerially large edifice
through a long-lived thick ice sheet. Eruptive stages could be a combination of
entirely sub-ice and (ultimately) subglacial-to-emergent. In the final emergent
stages, laterally extensive lava-fed deltas could form creating gently dipping
shield-like volcano summit regions. Conversely, the edifices might be built of
multiple stacked lava-fed deltas constructed through a much thinner but
continuously replenished ice sheet (as for the terrestrial James Ross Island
volcano (Antarctica); cf. Nelson, 1975; Smellie, 1999; J.L. Smellie, unpublished
data). Certain attributes of the ILDs may suggest polygenetic eruptions. For
example, Ganges Chasma shows several aligned linear features on the ILD
caprock that may be multiple feeder vents (figure 7.11 in Chapman and
Tanaka, 2001). That ILD also shows possible embayment of older hyaloclastic
mound (compare Figures 7.3a and 7.4g) and post-depositional back-tilting
of what could have been horizontally deposited lava volcanic topset beds
(Figure 7.8). Tilting may be due to intrusion by late-stage magma bodies.
Candor Mensa has a pitted surface that can be interpreted as multiple small
maar craters formed by later intrusion of magma. In addition, the Ceti Chasma
ILD has two large late-stage blocky plate flows, superposed cones, scarps, and
jumbled layers that may suggest multiple-vent effects and perhaps subaerial
deposition.

7.5 Conclusions

In order to investigate the hypothesis that ILDs on Mars are sub-ice
volcanoes, we have examined analog terrestrial sub-ice volcanoes and
compared the characteristics of these to the Mars examples. In addition, we
have compared the influence and effects of enclosing ice sheets on terrestrial
edifices to postulate possible consequences for the putative volcanic morphol-
ogies of the ILDs, such as their wing- and arm-like projections, heights,
volumes, and aspect ratios. Polygenetic volcanism may have also been
responsible for the much greater heights, volumes, and different shapes of
putative volcanic edifices on Mars compared with terrestrial analogs, since our
knowledge of the latter is based mainly on small monogenetic volcanoes.
Several morphological commonalities exist between terrestrial analogs and the
Mars ILDs and appear to suggest comparable volcanic processes, lending
support to interpretations of the latter as sub-ice volcanic edifices. As in any
terrestrial volcanic field, if the ILDs are mostly sub-ice volcanoes, we should
expect an association with subaerial volcanoes, ash beds, lava flows, fluvio-
glacial materials, and eolian deposits. That such features do occur in
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association with ILDs strengthens our general thesis that Mars ILDs are
indeed likely sub-ice volcanoes. However, while current hypotheses are
strongly permissive, they require confirmation. Accordingly, we look forward
with eager anticipation to the successful acquisition of return samples or
human/robotic science data obtained in situ from the Valles Marineris region
during future Mars missions.
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Figure 4.5. (a) Digital shaded relief map of the Valles Calderas, near Los
Alamos, New Mexico. (b) Generalized geologic map of the Valles Caldera.
After Luedke and Smith (1978) and Smith ez al. (1970). (c) Schematic section
(after Goff et al., 1989) from the caldera center through the south margin
and down the prominent valley on the southwest flank illustrating the
principal characteristics of hydrothermal circulation and relationship to
down-gradient springs and spring deposits. Similar circulation patterns may
have existed shortly after formation of the highland paterae type calderas
on Mars (see, for example, Figure 4.4a). (d) Oblique air photo of valleys
cut into the extensive layered sheets of Bandelier ash flow tuffs that were
erupted during caldera formation; view west from vicinity of the Rio Grande;
note distance from the caldera rim.



Figure 5.1. Distribution of possible flood lavas on the surface of Mars.
Simplified from global maps (Scott and Carr, 1978; Scott and Tanaka, 1986;
Tanaka and Scott, 1987; Greeley and Guest, 1987) and placed over MOLA
global shaded relief topographic map. Areas in red have been either mapped
as flood lavas or as likely to contain modified flood lavas. Yellow shows other
primarily volcanic units. All remaining materials are shown in light blue. The
red areas cover 47% of the surface of Mars, which is marginally more than the
very conservative estimate of 38% by Greeley and Schneid (1991).

[

Figure 5.5. Map of Recent (<250 Ma) Large Igneous Provinces (LIPs) on
Earth. Well-preserved continental flood basalt provinces listed in Table 5.2
are depicted in yellow, other LIPs in red. While recent LIPs only cover a few
percent of Earth’s surface, it is important to note that this only represents a
few percent of Earth’s geologic history. Map after Coffin and Eldholm
(1994). Abbreviated names listed in full in Coffin and Eldholm (1994).



Figure 7.1. The 3000 km long canyon of Valles Marineris, Mars. (a) MOLA
(Mars Observer Laser Altimeter) topographic view showing volcanoes of the
Tharsis rise, on the west, Valles Marineris canyons (center) and large-scale
catastrophic flood channels that drain into Chryse basin from Valles
Marineris, on the east. (b) MOLA-derived three-dimensional enlarged view
of central and east Valles Marineris showing interior layered deposits in blue.
Note topographic lows in central Melas and Juventae Chasma, and high
partial wall separating Candor Chasma from Melas Chasma.



Figure 9.4. Oblique view of a star dune in the Ibex Dunes, California. The
star dune is ~30 m tall. The dark patches at the base of the dune consist
of dark pebbles and granules derived from the nearby mountains, some of
which have accumulated into large ripples of 2 to 8 m wavelength, over
a sand substrate, possibly analogous to some ripple-like features on Mars
(see Figure 9.8). JRZ, 2/03.



Figure 13.12. MASTER views of Badwater Basin, Death Valley, California.
(a) Approximate true color image created using the MASTER 0.654, 0.542,

and 0.460 pm reflectance bands. (b) Spectral classification map of MASTER
thermal infrared bands.



Figure 13.13. The effects of spatial resolution on spectral classification
mapping of Badwater Basin. (a) MASTER thermal infrared emissivity data
were degraded to the 100 m/pixel spatial resolution of the THEMIS
instrument and then spectrally classified as in Figure 13.12b. (b) The same
data were degraded to 3 km spatial resolution (approximately equal to TES
resolution) and then spectrally classified. Spectral endmembers used to
classify the TES-resolution data were taken from THEMIS-resolution data
because there were insufficient pixels available at TES resolution to provide
useful endmembers. Note that the typical spatial/spectral evaporite patterns
on the western margin of the basin are clearly visible at THEMIS resolution,
but are lost at TES resolution.



Figure 14.2. (a) Licancabur lake 100 m below the summit rim.
Paleoshorelines are visible. The lake currently ~100 x 90 m and possibly up
to 10 m deep, may have reached 65 m and ~200 m in diameter at its peak.
(b) Laguna Verde with Licancabur in the background. (¢) Hydrothermal
springs in Laguna Blanca and algal mat. (d) Oxygen producing algae in
the “Thermales” hot spring. Algae abound in the +36°C water. Credit
photographs: Brian H. Grigsby and Nathalie A. Cabrol.
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Figure 16.1. The Martian meteorite EETA 79001 was found in Elephant
Moraine, Antarctica in 1979. This meteorite is a basaltic rock of the
Shergottite class of Martian meteorites. The inset shows the original sample
with its fusion crust, while the larger image shows a sawn face and the igneous
texture. The dark areas on the cut face are impact melt pockets that contain
trapped Martian atmosphere whose composition is the strongest evidence for
a Martian origin for this meteorite.

Figure 16.2. The Mars Exploration Rover Opportunity studied a rock
dubbed ‘Bounce’ as shown in this false-color composite taken on sol 68.
The 40 cm long rock was drilled to a depth of 7 mm by the rover’s rock
abrasion tool. The chemical composition of this sample measured by the
Rover’s Alpha Particle X-ray Spectrometer is nearly identical to the Martian
meteorite EETA 79001 illustrated in Figure 16.1.
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Lava—sediment interactions on Mars:
evidence and consequences

Tracy K. P. Gregg
The University at Buffalo, New York

8.1 Introduction

Solidified lava flow morphologies are a consequence of complex interactions
between the moving, cooling lava and its environment. Because no active
Martian lava flow has been observed, eruption and emplacement parameters
must be determined from the resulting volcanic morphologies. Griffiths and
Fink (1992a, b) demonstrated the effects that ambient conditions exert on the
gross morphology of lava flows with Newtonian rheologies. Through the use
of analog experiments, they concluded that typical lava flow morphologies
are created by a balance between the rate at which heat is advected within
the flow and the cooling rate — a ratio they quantified with the dimensionless
parameter W (Fink and Griffiths, 1990). Gregg and Fink (2000) examined the
effect of underlying slope on lava flow morphologies, and concluded that
increasing slope has a similar effect to increasing effusion rate. However,
Gregg and Smith (2003) show that this relationship breaks down somewhat
on slopes steeper than about 20°. Griffiths and Fink (1997) and Fink
and Griffiths (1998) examined the effect of ambient conditions on laboratory
flows with a Bingham rheology, and observed a similar dependence of
morphology with V.

Thus, the main parameters that appear to control lava flow morphologies
for lavas with Newtonian or Bingham rheologies are effusion rate, erup-
tion temperature, lava viscosity, underlying slope, and ambient conditions
(e.g., Fink and Griffiths, 1990, 1998; Gregg and Fink, 2000). Quantitatively
constraining any of these characteristics for Martian lavas would allow greater
insight into the generation, rise, storage, and eventual eruption of magma on
Mars, thereby revealing important information about the thermal, physical,

The Geology of Mars: Evidence from Earth-based Analogs, ed. Mary Chapman. Published by Cambridge
University Press. © Cambridge University Press 2007.
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and chemical evolution of that planet. Data collected from Viking Orbiter
(VO), Mars Global Surveyor (MGS), and Mars Odyssey (MO) allow for
some of these parameters to be directly measured, and narrows the range
of reasonable possibilities for the remaining characteristics.

Data returned from the Thermal Imaging System (THEMIS) has revealed
that much of Mars is covered with dust (e.g., McSween and Keil, 2000;
Christensen et al., 2003); global dust storms attest to the ubiquitous nature of
Martian dust. Mars — particularly the northern hemisphere — is also covered
with volcanoes and lava flows. Similarly, there is a great deal of morphologic
evidence suggesting that liquid water once flowed on the Martian surface
(e.g., Carr, 1996) although there are also indications that water-ice existed on
the surface at low latitudes (e.g., Chapman, 2002) and at higher latitudes
(Ghatan and Head, 2002; Head and Wilson, 2002) in the past. It seems likely,
then, that dust, lava, and water (as liquid or solid) have interacted on the
Martian surface. Lava—ice interactions generate signature morphologies and
volcaniclastics. Lava—water interactions also create unique landforms (such
as psuedocraters, tuff rings, tuff cones, and maars; see Fagents et al. (2002),
and references therein). Peperites are generated when lavas (or magmas) come
in contact with wet sediment, resulting in a mixture of sediment and
fragmented, quenched lava (see Skilling ez al. (2002) for review.)

What is less well studied on Earth is the interaction of lavas with dry,
unconsolidated sediments. On Earth, most sediments are wet because of the
ubiquitous nature of water. However, Jerram and Stollhofen (2002) report
on basaltic lavas flowing over sand dunes, and sand being blown onto actively
flowing lavas. It is probable that Mars, with its currently arid surface
conditions, abundance of dust, and numerous volcanoes, contains examples
of lava flows interacting with dust (and possibly sand) deposits.

A field of lava flow lobes, covering < 10° km?, is located southwest of Arsia
Mons, Mars, within Daedalia Planum (Warner and Gregg, 2003) (Figure 8.1).
The unique surface morphologies of the lobes comprising this flow field
were first identified in high-resolution (<45 m/pixel) VO images and were
presented as possible examples of large-volume evolved lavas on Mars
(Moore et al., 1978; Fink, 1980; Theilig and Greeley, 1986). The flow lobes
within this flow field display a ridged surface morphology that can be
identified on MOC narrow-angle, high-resolution VO images and THEMIS
images (both visible and infrared) (Figure 8.2), but not low-resolution
(> 150 m/pixel) VO images. These flows are characterized by steep (> 30°),
thick (~65 m) margins, and surface ridges (Warner and Gregg, 2003). Near
the flow margins, surface ridges are oriented with their axes roughly per-
pendicular to the inferred flow direction, and have been interpretted to be folds
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Figure 8.1. MOLA grid of the eastern hemisphere of Mars. Box “A’” shows
the approximate location of the flow field containing flow lobes with ridged
surface textures and thick flow fronts. Box “B” indicates the approximate
extent of the Medusa Fosse Formation. Field of view is ~6000 km.

(cf. Fink, 1980; Gregg et al., 1998). The precise areal extent of these
unique flows cannot be determined because the flow-field is covered by the
Medussae Fossae formation to the north and west (Figure 8.1). Keszthelyi and
others (2000) suggested that these lava morphologies may be caused by a
surge-and-stasis type of pahoehoe emplacement, similar to what they interpret
for the 1783 eruption of Laki, Iceland. Alternatively, the lavas may achieve
that morphology simply by flowing for hundreds of kilometers over slopes of
<1°(cf. Warner and Gregg, 2003). But it is also possible — given the proximity
of the Medussae Fossae formation to these flows — that at least some of the
lavas may have interacted with a fine-grained (possibly dust-sized), unconso-
lidated deposit during there emplacement, and this may be at least partly
responsible for their unique morphologies (Porter and Schultz, 1990; Gregg
and Schultz, 1997).

Emplacement beneath this deposit may have affected the thermodynamics
and kinetics of these flows, thereby generating the observed large surface
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. V04075003
NASA/THEMIS Team

(c) THEMIS visible image

Figure 8.2. Ridged lavas shown in MOC (a), Viking Orbiter (b) and THEMIS
(c) images. Ridged flows are only visible in high- to moderate-resolution
(<100 m/pixel) VO images, but can be seen in most MOC and THEMIS
images within the region outlined in box “A” in Figure 8.1. North is at
the top of images (a) and (c); arrow indicates north in (b).
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ridges and thick flow fronts. Similar morphologic features are observed on
Earth where lavas have burrowed beneath wet sediments, or flowed into
shallow lakes (e.g., Schminke, 1967, Walker and Francis, 1987; Godchaux
et al., 1992). Observations made using available data indicate that these flows
lie unconformably beneath the Medussae Fossae formation (Figure §8.3).
The presence of pedestal craters on top of these ridged flows strongly suggest
that the lavas are currently being exhumed rather than buried. Pedestal craters
are interpreted to be the remnants of craters whose ejecta blanket have
protected the underlying material from erosion (primarily eolian erosion)
(e.g., Arvidson et al., 1976). Here, 1 explore the possibility and implications
that lava flows were emplaced beneath this deposit.

Identifying the sub-surface emplacement, and subsequent exhumation, of
a large lava flow field on Mars would have profound implications for our
understanding of the present and past behavior of the surface. Mars is
a dynamic planet, and it would be simplistic to assume that the surface
observed today is the same surface that was present throughout Martian
history. Recent data collected by MGS and MO demonstrate a complexity
and rich history of the Martian surface that was only hinted at in Viking
Orbiter images.

8.2 Background and previous work

Investigation of lava-flow morphology is a primary method for constraining
the temporal and spatial evolution of magma generation, storage, and final
emplacement on any planetary surface. The change in ambient conditions as
lava entered the sea off the Hawaiian coast was drastically reflected in lava
flow morphology: subaerial pahoehoe flows became submarine bulbous,
striated pillowed flows (Tepley and Moore, 1978; Sansone, 1990). Similarly,
although sub-glacial lavas have a very different appearance from their
subaerial counterparts (Lescinsky and Fink, 1996; Lescinsky and Sisson,
1998), an active subglacial lava flow has not yet been observed. Thus, virtually
all of the information we have for basaltic lava flow behavior —on land, on sea,
and on the other planets — is based on observations of active subaerial
terrestrial lavas (e.g., Greeley, 1971, 1972; Pinkerton and Sparks, 1978; Guest
et al., 1987; Keszthelyi and Delinger, 1996). However, it is unlikely that
observed Martian lavas experienced ambient conditions similar to those
encountered by the active flows studied today on Earth.

The effects of planet surface temperature (e.g., Crisp and Baloga, 1990,
1994), atmospheric conditions (e.g., Head and Wilson, 1986; Gregg and
Fink, 1996; Bridges, 1997), and gravitational acceleration (e.g., Wilson and
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(b) Ridged flows mantled with
fine-grained deposit. Image
width ~1.09 km.

(c) Ridged lavas (LF) being exhumed from
beneath the Medussae Fossae formation (MFF).
Arrows show outliers of MFF on top of ridged
lavas. Note complex stratigrpahy in northern
part of image, with MFF and LF interfingered.
=" (THEMIS daytime infrared image; image width

W ~32 km.)

Figure 8.3. MOC images (a) and (b) and THEMIS image (c) showing
association of ridged flows with fine-grained deposit. Image (c) reveals
pedestal craters on top of the ridged flow, indicating that substantial
material has been removed from above the flow since the formation of
the impact.
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Head, 1981; Glaze et al., 1997; Sakimoto et al., 1997) have been incor-
porated into numerical models designed to interpret extraterrestrial volcanic
morphologies. General petrologic models (e.g., McSween, 1985, 1995;
Hess and Head, 1990; Longhi et al., 1992; Kargel et al., 1994; McSween
and Treiman, 1998) provide constraints on possible lava compositions — and
therefore rheologies — for those planets from which we have no returned
samples. Remote sensing of the Martian surface using the Thermal Emission
Spectrometer (TES) (e.g., Bandfield, 2000) and THEMIS suggest that the
surface of Mars can be generally characterized as basaltic to basaltic andesite
(Bandfield et al., 2000).

Studies into the controls on final Martian lava flow morphology typically
assume that the lavas were emplaced subaerially on a Mars with a climate
similar to that of today’s (e.g., Griffiths and Fink, 1992b; Gregg and Fink,
1996; Glaze and Baloga, 1998). However, the outflow channels strongly
suggest that the surface of Mars supported large amounts of liquid water in the
past (e.g., Baker et al., 1992), and Parker and others (Parker et al., 1993;
Parker and Currey, 2001) and Head and others (Head et al., 1998, 1999) cite
evidence for the possible existence of a vast ocean once covering the northern
plains on Mars. Similarly, some investigators have identified evidence of past
widespread glaciation on Mars (Baker et al., 1991; Kargel and Strom, 1992;
Kargel et al., 1995; Ghatan and Head, 2002). Allen (1979) and Hodges and
Moore (1979) point to Martian features with gross morphologic similarities
to terrestrial moberg and table mountains as products of subglacial eruptions;
Chapman and others (Chapman and Tanaka, 2001; Chapman, 2002) have
identified possible subglacial volcanic deposits within Valles Marinaris. High-
resolution images collected using the Mars Orbiter Camera (MOC) reveal
young (possibly active) gullies within crater and canyon walls (Malin and
Edgett, 2001); Christensen et al. (2003) suggest that a present-day snow cover
may be responsible for small gully formation. Moreover, the surface records
evidence for different epochs of eolian deposition and removal leaving easily
identified relict unconformable deposits in certain locations (Schultz and Lutz,
1988; Grizzaffi and Schultz, 1989; Grant and Schultz, 1993; Edgett and Malin,
1999; Malin and Edgett, 1999). Global dust storms, layered polar deposits,
thick sedimentary sequences and sand dunes on Mars attest to the dynamic
ability of the Martian atmosphere to transport dust- and sand-sized particles
around the globe (e.g., Christensen and Moore, 1992; Greeley et al., 1992;
Thomas et al., 1992). Mustard and others (2001) have identified the presence
of a fine-grained surface layer that they argue is in the process of being
removed — probably through sublimation of ice that cements the material
together. Finally, data collected from MO reveal large quantities of hydrogen
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(presumably in the form of water) in the northern plains of Mars. All of these
observations strongly suggest that Mars is dynamic and the surface we observe
today is not necessarily the same one exposed in the past. This must be
considered when interpreting Martian volcanic morphology.

The thick, textured lava flows on Mars identified southwest of Arsia Mons
have briefly caught the attention of previous investigators (Fink, 1980;
Schaber, 1980; Theilig and Greeley, 1986; Porter and Schultz, 1990; Gregg
and Fink, 1994, 1996; Gregg and Schultz, 1997; Keszthelyi et al., 2000; Warner
and Gregg, 2003). Schaber (1980) identifies textured lavas in the Memnonia
Fossae region, and characterizes their surfaces as including ‘‘various
combinations of channels and knobs, random ridges and troughs, and
curvilinear ridges and troughs” and refers to this as “ridge-and-trough”
texture. The ridged lavas are ~65 m thick, with pseudo-parallel curvilinear
ridges approximately 27 m (4 11 m) tall and spaced 100 + 34 m apart (Warner
and Gregg, 2003). Assuming that these features are folds formed during flow
emplacement, their dimensions are more similar to those seen on terrestrial
evolved lavas (andesites, dacites and rhyolites) than typical basalts (Fink,
1980; Schaber, 1980; Gregg et al., 1998). Theilig and Greeley (1986) measured
amplitudes of 12 m and spacing of 30—120 m for these features (they appear to
have investigated different flows from those studied by Schaber (1980). Using
folding analysis (Fink and Fletcher, 1978), Theilig and Greeley (1986)
determined that these flows were composed of a lava with an interior viscosity
of 10® to 10'° Pa — approaching the viscosity at which a basalt becomes too
viscous to flow (e.g., Marsh, 1981; Moore, 1987; Pinkerton and Stevenson,
1992). Schaber (1980) noted that the lack of small impact craters on these
textured flows suggests a recent eolian mantle, but did not mention that if
these flows are traced upstream, they appear to emerge from beneath a fine-
grained deposit. Gregg and others (Gregg and Fink, 1996; Gregg et al., 1998)
identified two generations of folding on portions of these textured flows,
and used the ratio of the second-generation wavelength to the first-generation
wavelength to suggest that the surface texture could have been generated by
ductile deformation of a lava with a viscosity consistent with that of
an andesite or basaltic andesite. Alternatively, Porter and Schultz (1990)
and Gregg and Schultz (1997) proposed that a “typical” basalt
(viscosity = 10°-10* Pa s) could generate large-scale surface folding
(cf. Fink and Fletcher, 1978) if the appropriate balance between surface
deformation and crust growth is obtained, and suggest that this balance could
be most easily obtained by emplacing the lavas beneath an ice-containing dust
mantle. Keszthelyi and others (2000) refer to these types of flows as “‘platey-
ridged” pahoehoe lavas. By comparing the Martian Daedalia Planum flows
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with basalts erupted in 1783-4 from Laki, Iceland, Keszthelyi and others
(2000) suggest that the Martian flows formed by long-lived pahoehoe flows
punctuated by episodes of lava surges. Most recently, Warner and Gregg
(2003) applied a series of rheologic models to these Martian ridged flows, and
compared model results with those obtained from terrestrial lavas with known
basaltic and trachyandesitic/andesitic compositions. They concluded that
the rheology of the Arsia Mons lavas is more consistent with a basaltic
composition than that of a more-evolved lava.

Although the process of relatively dense lava flowing into lighter,
unconsolidated sediments has not heretofore been unequivocally documented
on Mars, it is common on Earth wherever volcanic vents are juxtaposed
with sediments (such as sedimentary basins, lake beds, and the ocean floor)
(e.g., Gifkins et al., 2002; Lavine and Aalto, 2002; Skilling et al., 2002). There
are clearly places on Mars where volcanics and sediments have had the
opportunity to interact, so it is reasonable to expect that this process may have
occurred there as well — and may have profoundly influenced the resulting lava
flow morphology.

8.3 Terrestrial analogs: quiescent peperites

When lava intrudes into a solid host rock, the resulting feature is either a
“dike” or a “sill,” depending on the orientation of the intrusion. However,
when lava flows into relatively unconsolidated, wet sediments, the outer
portion of the flow in contact with the sediments may catastrophically
quench and fracture, and the host sediments deform around the shallow
intrusion, resulting in quenched lava fragments peppered throughout the
surrounding sediments — hence their name of “‘peperites.” While peperites,
sensu strictu, refers only to this mixture of lava fragments and host sediment
surrounding the intrusive lava/magma body (Skilling ef al., 2002), the term
was broadened in the literature to refer to any lavas/magmas that came
in contact with wet sediments during their emplacement (Fisher and
Schminke, 1984).

Most commonly, terrestrial peperites form when basaltic lava (or, less
frequently, more evolved compositions Hanson and Wilson, 1993) intrudes
unconsolidated wet sediments (e.g., Brooks et al., 1982; Kokelaar, 1982;
Busby-Spera and White, 1987, Walker and Francis, 1987; White and
Busby-Spera, 1987; Kano, 1989), although there are examples of basaltic
lava flowing on top of, and subsequently “‘burrowing into” soft sediments
(Schminke, 1967). Additionally, evidence from submarine investigations
suggests that basaltic peperites may be a common occurrence on the sea
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floor, where sufficient thicknesses of wet sediment exist (Einsele et al., 1978;
Shen et al., 1997). Field investigations clearly demonstrate that both the gross
and fine-scale flow morphology of a peperite is distinct from the morphology
the lava would have formed had it flowed on the surface. For example,
investigation of a rhyolite peperite in Chile (Hanson and Wilson, 1993) reveals
that flow is disrupted into a series of large, roughly cylindrical pod-like bodies,
~15-20 m wide, of coherent rhyolite, separated by dense zones of quench-
fractured rhyolite. Hanson and Wilson (1993) state that this indicates that
the lava advanced as a series of lobes or buds, similar to submarine pillow
lavas but on a much larger scale. This is a vastly different morphology from
other, similar-sized rhyolite flows, such as the Inyo Domes in California,
which are thick, blocky flows with a rough radial symmetry about a central
vent (e.g., Sampson, 1987). Similarly, the surface of basaltic peperites may
exhibit tall ridges (>3 m) and troughs, whereas the subaerial portion of
the flow is more commonly smooth (Schminke, 1967; Busby-Spera and
White, 1987).

The morphologic expression of basaltic peperites (and probably for more
evolved lavas as well) depends on the properties of the host sediment
(e.g., Busby-Spera and White, 1987). A fine-grained, unconsolidated deposit
is more likely to deform in a ductile manner and generate little resistance
to lava advance; in contrast, a coarse-grained deposit may contain large
pockets of water that could result in steam explosions during emplacement
(Busby-Spera and White, 1987). Whereas the lower margins of peperites tend
to be planar and smooth, their upper surfaces are more typically irregular
on the scale of centimeters to meters (Schminke, 1967; Busby-Spera and
White, 1987). Schminke (1967) provides an excellent description of peperites
in the Pomona flow of the Columbia River Basalts, and his observations
are summarized here.

Field relations, geochemical and petrologic analyses confirm that the
Pomona flow was a surface basalt flow that locally burrowed into at least
4.5 m of fluffy, unconsolidated sediments. Where the lava was emplaced
subaerially, it has a relatively constant thickness of ~30 m. In contrast, lavas
that flowed under the sediments are irregular: basalt stringers, a meter or more
thick, protrude into the overlying sediment, and locally envelop it. Like the
subaerially emplaced portions of the flow, the peperite is highly vesicular to
scoriacious, suggesting that the overlie sediment did not exert sufficient
pressure on the flow to keep volatiles from exsolving. Schminke (1967)
envisions that the basalt initially advanced as a series of thin sheets, which were
broken as they were overridden by larger pods of basaltic lava. Eventually,
the main body of the peperites apparently advanced similar to a subaerial
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Hawaiian inflated flow (Hon et al., 1994). Importantly, large portions of the
surface of this peperite are currently exposed where the overlying tuff has been
eroded (Schminke, 1967), allowing for good investigation of the lava flow
surface morphology.

In most documented cases of terrestrial basaltic peperites, there is evidence
that liquid water, with varying amounts of suspended sediments, has been
ejected from the host sediment (Einsele er al., 1978; Busby-Spera and
White, 1987; White and Busby-Spera, 1987; Shen et al., 1997; Wohletz,
2002; Zimanowski and Biittner, 2002). When the intruding lava contacts
the pore water, the thermal energy generates a thin boundary layer of
steam surrounding the flow (Wohletz, 2002). This steam layer fluidizes
the host sediment, which then is easily transported away from the flow
(Kokelaar, 1982, 1986). In contrast, Jerram and Stollhofen (2002) report on
the interaction between basaltic lava and dry, eolian quartz sand dunes
in the Etendeka Flood Basalt Province, Namibia. Locally, the lavas
both flowed over the dry sand with minimal interactions and elsewhere
burrowed into the sand and generated zones of dynamic mixing between
sand and lava.

8.4 [Evidence for lava emplacement beneath dust

Images collected by VO, THEMIS, and MOC reveal an intimate relationship
between dust and lavas west and north of Arsia Mons. Deposits of Medussae
Fossae lay unconformably on top of the thick, ridged flows (Figure 8.3).
THEMIS night infrared images (Figure 8.4) reveal that the ridged flows are
dust-covered, and this is also shown in MOC images of the flows (Figure 8.3).
Most significantly, pedestal craters on top of the ridged flows (Figure 8.5) —
particularly abundant near the current margin of the Medussae Fossae
formation — indicate that the deposit in which the craters formed has been
at least partially removed from the flow surface.

These observations indicate that the ridged flows were once covered with
a relatively unconsolidated, fine-grained (as suggested by the low thermal
inertia displayed in the THEMIS images) deposit that has be removed by
eolian processes. Jerram and Stollhofen (2002) describe a host of features
(mostly at scales beneath available Martian resolutions) that are indicative
of dry sediment—lava interactions. These include: preserved dunes layered
between successive lava flows; sand-filled cracks and fissures within the
flows; and flow-top breccias that are 1.5-4.0 m thick, composed of sand and
bits of quenched lava. However, available Mars images cannot reveal whether
the Daedalia Planum lavas were emplaced beneath the observed deposit, nor
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Figure 8.4. Nightime thermal infrared image of the ridged lavas flow field,
demonstrating that the dust cover is relatively uniform across the flows and
too thick to be penetrated by THEMIS. The image on the right (a) shows the
context of image (b); context image is MOLA shaed relief with rectangular
outline showing location of (b). Grid in (a) has 5° spacing. Image 102408002,
courtesy NASA/JPL/ASU. Width of image (b) is ~32 km.
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, (a) (b)

Figure 8.5. (a) Daytime THEMIS infrared image showing pedestal craters
(arrows) on top of ridged flows west of Arsia Mons. Image width is ~32 km.
(b) Daytime THEMIS infrared imaged showing pedestal craters (arrows)
on top of ridged flows west of Arsia Mons. Note crater (cr) in northern part

of image being exhumed from beneath Medussae Fossae formation. Image
width ~32 km. Courtesy NASA/JPL/ASU.

for how long these flows may have been buried. Modeling of flow emplace-
ment processes may yield some insight.

8.5 Implications for lava flow emplacement

Lavas emplaced beneath an unconsolidated deposit may be similar to ter-
restrial sills, or to terrestrial subaqueous flows, depending on the nature of the
deposit. If the deposit is fine-grained (dust-sized particles), unconsolidated,
and unconfined, the lava does not need to do much work to push the deposit
aside, but the deposit does provide a certain resistance to flow (a buoyancy
force) that is related to the difference in density between the flow and the
deposit. On Earth, for example, submarine lavas essentially advance within
a reduced gravity environment, in which the gravitational acceleration (g’)
is given by (Fink and Griffiths, 1990):

g = g(pa/py) (1)
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where g is the planetary gravitational acceleration (9.78 m/s®> on Earth;
3.67 m/s* on Mars), p, is the density of the ambient material (e.g., atmosphere,
water, or dust), and p; is lava density. Thus, any process that is directly
correlated with gravity (such as flow velocity, and flow length for gravity-
driven flows) would be reduced. We therefore might expect slower, shorter,
and thicker flows emplaced beneath an unconsolidated deposit compared with
a identical lava emplaced on the planet’s surface.

Emplacement beneath a dry, dusty deposit would act to insulate the
flow surface by reducing the rate at which heat is able from the flow both
by radiant heat and by atmospheric convection. A dust cover would allow
heat to leave the flow by conduction through the individual dust grains,
and radiation between the grains. Such insulation would, in theory, allow
a lava flow to travel farther beneath a dust cover than would an identical,
uncovered flow.

If the dusty deposit were dense, with closely packed and larger (sand-sized)
grains, it is less likely that a gravity-driven flow would have the ability to
burrow into it, or to push it aside. However, Jerram and Stollhofen (2002)
report that most commonly the basaltic lava did not disturb the underlying,
active eolian sand deposits during emplacement, but locally was able to plough
through the sand like a bulldozer.

Finally, if the deposit — regardless of grain size — were filled with
interstitial ice, it would act more like solid country rock, or like a glacier.
Lava would either be emplaced on top of the deposit — and, by comparison
with hot lahars in New Zealand, would likely stay on top rather than
melt through (although admittedly that depends on eruption duration) — or
be forced to intrude into the material like a sill (Cronin et al., 1996; Head
and Wilson, 2002; Wilson and Head, 2002). In the latter case, we would
predict the formation of Martian peperites. Depending on the degree of
induration, the peperites could be preferentially eroded from the flow
surface through time, or contribute to the preserved flow morphology.
We would also expect to see evidence of water—lava interaction (such as
pseudo-craters (Fagents et al., 2002) and of dewatering (such as channels
sourced stratigraphically above the flows) in this case. All of these features
would be difficult to unequivocally identify on Mars. Dewatering could be
supported by identification of channels that appear to be sourced beneath a
deposit or appear, fully formed, from the toe of a lava flow (which would
require assuming that the channel originated in the now-removed sediments
stratigraphically above the lava flow). Such channels have been observed
to emanate from beneath the Medussae Fossae formation (Shockey et al.,
2004).
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8.6 Discussion and conclusions

Intrusion of lavas into unconsolidated sediments is common on Earth,
wherever volcanoes erupt near (or in) sedimentary basins, and the intruded
lava has a different morphologic expression than the same surface flow. Mars,
replete with volcanoes, abundant large, thick sequences of fine-grained
deposits (Scott and Tanaka, 1982; Schultz and Lutz, 1988; Thomas et al.,
1992; Zimbelman et al., 1996, 1997), and dry stream channels, must have
experienced this type of shallow intrusion in the past. There is evidence on
Mars for substantial reworking of fine-grained deposits (Greeley et al., 1992),
so it is reasonable to expect that these Martian peperites may be subsequently
exposed.

Identification of exhumed Martian lavas would force the generation of
a new relative and absolute chronology for the Tharsis region. For example,
crater size—frequency distributions from crater counts obtained from the
flow surfaces would reveal an exposure age, rather than an emplacement age.
In other words, lavas may appear fresh because they have been protected
from erosion by an overlying deposit, not because they are relatively
youthful. The stratigraphy here would not represent the chronology, which
is vital to recognize if we are to correctly interpret Martian volcanic evolution
through time.

Unequivocal identification of peperites on Mars will require detailed
analyses at a hand-sample as well as outcrop scale. The unique texture of
peperites, particularly in conjunction with their parent flow, would be diffi-
cult to misinterpret. More difficult to identify would be the interaction of
dry, unconsolidated dust deposits with martial lavas. Our current under-
standing of Martian geology almost requires that such interactions
occurred in the past; it is less clear if we will be able to readily identify
it when we see it. Currently, the thick, ridged flows southwest and west of
Arsia Mons that are presently being exhumed from beneath the Medussae
Fossae formation, are the best place to look for lava—sediment interactions
on Mars.
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Eolian dunes and deposits in the western
United States as analogs to wind-related
features on Mars

James R. Zimbelman and Steven H. Williams
National Air and Space Museum, Smithsonian Institution, Washington

9.1 Introduction

Eolian processes produce distinctive features and deposits on planetary
surfaces where the atmosphere is sufficiently dense to allow interactions
between the wind and sediments on the surface (Greeley and Iversen, 1985).
Arid and semi-arid regions on Earth contain abundant evidence of wind—
surface interactions (e.g., Lancaster, 1995a; Thomas, 1997), and the Martian
surface shows a diverse array of eolian features across the planet (e.g., Greeley
et al., 1992). The characteristics of several eolian localities (primarily sand
dunes) in the western part of the United States have been used previously
as analogs to features seen on Mars in data obtained from several spacecraft
(e.g., Greeley et al., 1978; Greeley and Iversen, 1987; Golombek et al., 1995),
yet the analog potential of other western eolian sites is relatively underutilized.
Rather than attempting a comprehensive survey of all eolian features in the
United States, this chapter will focus on several examples illustrative of a
variety of dune forms and their potential applicability as analogs to eolian
features observed on Mars. Dunes in the Great Plains, east of the Rocky
Mountains, and all coastal dunes are excluded from this survey in order to
concentrate on discrete sand accumulations in arid or semi-arid environments.
Both traditional publications and selected internet sites (cited here as W#) are
referenced throughout the text.

Eolian features in the western United States reflect varying climatic and
drainage conditions that have directly contributed to the formation of
the individual deposits. Cold conditions during the last glacial period gave
way to warmer and more arid conditions during the ensuing interglacial

The Geology of Mars. Evidence from Earth-based Analogs, ed. Mary Chapman. Published by Cambridge
University Press. © Cambridge University Press 2007.
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(early Holocene) period (e.g., Spaulding, 1990; Hamblin and Christiansen,
1998), which in turn contributed directly to the development of numerous
isolated sand deposits in North America (Smith, 1982; Tchakerian, 1997, W1).
Both rivers and glacial pluvial lakes represent sources of sand-sized sediment
that can be mobilized by the wind (see Kocurek and Lancaster, 1999); similar
sand sources may exist on Mars (see Chapters 11, 12, and 13). Arid to semi-
arid conditions in the western United States at present should not lead to an
underestimation of the crucial role of water in the development of eolian
deposits on Earth, and a similar caution is appropriate when analyzing
eolian features on Mars. The current emphasis by NASA to “follow the
water” in the design of the Mars Exploration Program and its associated
spacecraft missions (W2) makes it particularly important to recognize the
strong link between fluvial and lacustrine processes in generating the
sand-sized sediments that subsequently are redistributed by the wind across
the Martian surface.

Twenty-two sites throughout the western United States that possess
significant eolian deposits were selected for discussion here, based on the
abundance of eolian sediments, ease of access, and potential relevance
for analog studies. Where applicable, nearby eolian deposits are mentioned
along with the listed primary location. The sites are next discussed
within the context of a simplified category basis, relating them to probable
sediment sources and the conditions that may have contributed to their
present location. The selected sites contain common types of sand deposits
and associated dune forms, wind streaks, wind-eroded features, and large
eolian ripples; this list is representative but by no means comprehensive.
A review of the current view of eolian features on Mars emphasizes the
new insights gained through the on-going Mars Global Surveyor (MGS)
and Mars Odyssey spacecraft missions, including current working hypoth-
eses derived from the new data. The similarities and differences between
conditions on Earth and Mars as they relate to eolian features, along with
prospects for study of eolian features from missions soon to be launched
to Mars are presented in Section 9.5.

9.2 Selected eolian sediment locations

Twenty-two sites in the western United States (Figure 9.1) are briefly described
below, chosen to illustrate the major types of dunes and associated eolian
deposits. The selected sites are by no means the only eolian sediments
present in the western United States, but they do represent the diversity of
landforms developed by the interaction of the wind with sand-sized particles.
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(SRTM topography)

Figure 9.1. Map of eolian dune localities in the western United States
discussed in this chapter. Numbers indicate the location of selected eolian
sites discussed in the text, and listed in Table 12.1. G indicates the
Gran Desierto in northern Mexico. Shaded relief base map uses data from
the Shuttle Radar Topography Mission (SRTM) collected in February 2000,
scaled to ~1 km/pixel horizontal resolution, obtained from one channel of
an anaglyph product (W34). Area shown corresponds approximately to 32°
to 48.5° N latitude, 103° to 125° W longitude, Mercator projection.

Smith (1982) provides an extensive treatment of sand dune locations
throughout western North America (see also W1), and both McKee (1979)
and Breed et al. (1979) present a global perspective of sand deposits derived
from aircraft and spacecraft imaging. The reader interested in more detailed
information about terrestrial sand deposits than what is provided below is
encouraged to consult the references cited, as well as several excellent
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textbooks about eolian processes (e.g., Cooke and Warren, 1973; Greeley
and Iversen, 1985; Pye and Tsoar, 1990; Lancaster, 1995a; Tchakerian, 1995;
Thomas, 1997).

Use of off-highway vehicles (OHVs) at a site can be either a benefit
(increased range of access) or a detriment (strong modification of original
morphology), depending on the goals of the particular study. OHV accessi-
bility is described below for many sites to aid the reader in identifying those
sites where either the presence or absence of OHVs might prove critical
to the potential investigation being envisioned. Locations within national or
state parks can limit OHV access, but sometimes this does not include
all of the deposits at a site. Websites maintained by the Bureau of Land
Management (BLM) and other government-sponsored agencies usually
include specific information about OHV use and restrictions.

The sites are arranged by the general physiographic providence in which
they occur: the Mojave Desert, the Great Basin, the High Deserts, and
locations in the Northwest. Each site description includes information on the
general setting of the deposits, the principal dune type present, restrictions
on use of the site, and an assessment with respect to four categories related
to deposit emplacement conditions and sediment source (Table 9.1). Note that
the existing literature is quite disparate among the sites discussed, with
some having an extensive publication record while others have almost no
citations. The following summaries are not intended to be exhaustive
treatments of the eolian literature, but the references cited should point
the reader to important publications from which a more detailed investigation
can be carried out.

9.2.1 Mojave Desert

Algodones Dunes. The Algodones Dunes cover ~2600 km? making them
one of the largest dune complexes in North America (Smith, 1978; W3).
The Algodones Dunes primarily consist of barchanoid ridges (broad linear
to sinuous sand accumulations) up to 90 m high with superposed barchan
(crescentic, horns pointing downwind) undulations, both of which indi-
cate that the main sand-driving winds here are to the southeast (Norris and
Norris, 1961; McCoy et al., 1967; Smith, 1978; Sharp, 1979; Kocurek and
Nielson, 1986; Havholm and Kocurek, 1988; Sweet et al., 1988). The dunes
occur on the eastern margin of pluvial Lake Cahuilla, but detailed
sedimentological studies indicate that the sand was derived from Colorado
River sediments deposited in the basin that contained the lake rather than
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Table 9.1. Selected western United States eolian sites

Category of eolian feature

Dune Topo- Pathway Lake- River-

Name type  graphic related related
Mojave 1 Algodones BR X
Desert 2 Salton Sea B X
3 Bristol/Palen - X
4 Cactus Plain TR X
5 Cady Mtns./Kelso - (x) X X
Great 6 Dumont TR (x)
Basin 7 TIbex C (x) (x)
8 Eureka C X (x)
9 Big Dune S X
10 Clayton Valley TR X
11 Sand Mountain TR (x) X X (x)
12 Winnemucca P X X
13 Little Sahara TR X
14 Coral Pink BR (x)
High 15 Navajo L (x)
Deserts 16 White Sands BR (x)
17 Great Sand Dunes C X
18 Killpecker BR
Northwest 19  St. Anthony P X
20 Bruneau C X X
21 Christmas Valley P (x)
22 Moses Lake P

B = barchan; BR = barchanoid ridge; C = complex; L = longitudinal; P = parabolic;
S =star; TR = transverse ridge; X = significant aspect of site; (x) = secondary aspect
of site.

from the surrounding mountains (Muhs et al., 1995). North of California
Highway 78, which crosses the dune complex, much of the dunes are a wilder-
ness area with restricted access, but south of the highway and the very northern
part of the dunes are designated as the Imperial Sand Dunes Recreational
Area and are extensively used by OHVs.

Immediately south-southeast of the Algodones Dunes is the Gran Desierto
(G in Figure 9.1), where ~5700 km? of northern Mexico is covered by
sand as part of the Sonoran desert (Lancaster et al., 1987; Lancaster and
Blount, 1990; Lancaster, 1995a, b). The sand has accumulated into large
(80 to >100 m relief) star dunes (three or more arms branching from
a central deposit, formed under multiple wind regimes), crescentic dunes 5
to 20 m high that merge into complex crescentic mounds 10 to 80 m high
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(analogous to the hybrid forms present in the Algodones), as well as both
linear and parabolic dunes and sand sheets along the margins (Lancaster,
1992, 1995b). Similar to the Algodones Dunes, sand in the Gran Desierto
was transported to the region by the Colorado River where arid conditions
allowed remobilization by the wind of the sand-sized sediments (Lancaster
and Blount, 1990). OHVs are essential to access this broad sand deposit
where only very limited logistical support is available in close proximity to
the dunes.

Salton Sea Barchan Dunes. Barchans are crescent-shaped dunes whose
horns point away from the primary wind direction (the opposite of the
stabilized horns of parabolic dunes). Barchans form where the sand supply is
less abundant than in other dune fields (McKee, 1979). The classic location
in the United States for barchans is on the western side of the Salton Sea
(Rempel, 1936; Norris, 1966; van de Kamp, 1973; Theilig et al., 1978; Abbott,
1980). The barchans have been used to monitor dune migration over many
decades (see Haff and Presti, 1995), confirming the inverse relationship noted
between barchan slip face height and dune advance rate (Bagnold, 1941; Long
and Sharp, 1964). The sand source is thought to be Lake Cahuilla sediments,
similar to the nearby Algodones Dunes (site #1). Also nearby are longitudinal
dunes that cover the southern portion of the Superstition Mountains,
spawning barchans that migrate east toward the Salton Sea (Smith, 1982).
The Salton Sea barchans are readily accessible from nearby highways but
OHYV use is restricted.

Bristol Trough/Palen. Sand accumulations in the southeastern Mojave
Desert have morphologic indicators of eolian transport of sand across
low drainage divides, resulting in two roughly parallel transport pathways
through the Bristol Trough and through the Palen playa (Figure 9.2;
Zimbelman et al., 1995; W4). Sand deposits along these paths consist of
a combination of sand sheets, sand ramps (see Lancaster and Tchakerian,
1996), and stabilized transverse ridges. Sediment studies show the sands
are immature and geochemically distinct from the mature Colorado River
sands (Zimbelman and Williams, 2002), with indications of varied local
sediment sources (Pease and Tchakerian, 2003). OHV use is restricted
throughout this portion of the eastern Mojave Desert, and local inquiries
are required.

Cactus/LaPosa Plains. Stabilized transverse sand dunes of 1 to 3 m height
and 100 to 200 m wavelength (Figure 9.3) cover the Cactus and LaPosa
Plains east of the Colorado River (W5). The sand in the dunes has strong
chemical affinities to sand from the Colorado River, unlike the Mojave
sands west of the river (Muhs, 2002; Zimbelman and Williams, 2002).
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Figure 9.2. The Bristol trough and Palen transport paths. Lined pattern
shows sand deposits that the wind has blown across several low topographic
divides (modified from figure 9.1 of Zimbelman and Williams, 2002).

OHVs are permitted at some locations around the dunes; enquire locally
for permission.

Cady Mountains/Kelso Dunes. Sand from the Mojave River has blown
across portions of the Cady Mountains and forms thick ramps against the
mountains on their western (windward) side (Lancaster and Tchakerian,
1996). Mojave River sand also exits out of Silver Lake playa through the
Devil’s Playground and into the 170 m tall transverse ridges of the Kelso
Dunes (Sharp, 1966, 1978; Smith, 1982, 1984; Lancaster, 1993; W6; W7).
Heavy mineral concentrations within the Kelso sands (MacDonald, 1970;
Earl, 1981) led to commercial mining of the dunes for a short time. A variety
of sand sheet deposits and stabilized transverse dunes populate these
pathways, similar to the Bristol and Palen pathways (#3) discussed above.
Thermal infrared remote sensing has proved to be a valuable tool for
mapping and documenting the sand sources and transport pathways
leading to the Kelso Dunes (Ramsey ez al., 1999). Restriction of both
cattle grazing and OHV use has led to extensive stabilization of the dunes.
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Figure 9.3. Oblique aecrial photograph of stabilized transverse dunes on
Cactus Plain near Parker, Arizona. The dunes are 2 to 3 m high with 100 to
200 m spacing. JRZ, 2/99.

The Devil’s Playground and the Kelso Dunes are within the recently
established Mojave National Preserve, restricting all OHV and cattle grazing
activity in these areas, resulting in significant vegetation growth and dune
stability over the last decade.

9.2.2 Great Basin

Dumont Dunes. A core of star and complex dunes up to 120 m tall occurs along
a broad transverse ridge of sand, surrounded by smaller transverse and
barchan dunes (Smith, 1982). Nielson and Kocurek (1987) provide an
excellent overview of these dunes, including evidence supporting the possible
origin of the dunes being concentrated at this location. This area is a major
OHYV site for southern California (W8), so very little detailed surface
morphology remains undisturbed. Dune migration studies have been carried
out, however, with recent aerial photography (W9).

Ibex Dunes. A small field of star dunes is located in the southeastern corner
of Death Valley National Park (Figure 9.4). The highest of the dunes is ~50 m
tall and the field extends ~3 km along the southwestern slope of the Saddle
Peak Hills (Smith, 1982). Located within a Wilderness section of the park, no
vehicular traffic is allowed within ~1.5 km of the dunes, making them among
the most pristine but still accessible sand dunes in the United States.
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Figure 9.4. Oblique view of a star dune in the Ibex Dunes, California. The
star dune is ~30 m tall. The dark patches at the base of the dune consist
of dark pebbles and granules derived from the nearby mountains, some of
which have accumulated into large ripples of 2 to 8 m wavelength, over a
sand substrate, possibly analogous to some ripple-like features on Mars
(see Figure 9.8). JRZ, 2/03. (For a color vision of this figure, please refer to
color plate section.)

Eureka Dunes. This complex dune mass includes small star dunes around
a broad ridge of sand, the highest portion of which has 208 m of relief,
making this the tallest dune complex in California (Smith, 1982). A plant
found only on these dunes (Pavlik, 1980) makes the Eureka Dunes one of the
most protected areas within Death Valley National Park, so that not only are
OHVs restricted, but even walking on the dunes is only allowed along a
designated trail (W10). Although not part of the Eureka Dunes, in nearby
Panamint Valley are two star dune complexes, 50 to 60 m tall, surrounded
by low transverse ridges, and the Stovepipe Wells star dunes rise to ~40 m
above the floor of the center of Death Valley (Smith, 1982).
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Big Dune. Big Dune is located in the Amargosa Desert of southwestern
Nevada, and is a popular OHYV site. Star dunes, with relief up to 80 m, are
surrounded transverse ridges over an area of ~13 km?, derived from nearby
playa deposits (Swadley and Carr, 1987). The dune complex is misnamed in
that total relief considerably less than the relief at Sand Mountain (#11),
Eureka (#8), and Kelso (#5), but it is a locality where sand avalanches have
been observed to emit audible acoustic energy (Trexler and Melhorn, 1986).

Clayton Valley. Also known as the Silver Peak dunes, sand is collected into
a series of transverse dunes in the southern part of Clayton Valley, about
7 miles south of the Nevada town of Silver Peak (Trexler and Melhorn, 1986).
These dunes were the site of a recent field study of sand grain deposition in the
lee of transverse dunes (Nickling ez al., 2002). The dune sand is of local origin,
derived from deflation of playa and alluvial fan deposits that cover ~310 km?
of Clayton Valley, comparable to the origin of the nearby Crescent Dunes,
located northwest of Tonopah, Nevada (Trexler and Melhorn, 1986).

Sand Mountain. The largest dune in Nevada, with ~120 m of relief, is Sand
Mountain (W11), consisting of a complex pattern of transverse ridges
superposed on a terminal seif dune (Trexler and Melhorn, 1986), surrounded
by transverse dunes that extend into the nearby hills (Figure 9.7). The sand at
Sand Mountain has the distinctive properties that allow sand avalanches to
produce audible sounds, and it has been the site of several investigations of
this phenomenon (Criswell ef al., 1975; Lindsay et al., 1976; Maloney, 1982;
Trexler and Melhorn, 1986). Sand Mountain sediments are ultimately derived
from materials deposited within nearby glacial Lake Lahontan (see Morrison,
1964, 1991; Benson et al., 1990), similar to the origin of several other Nevada

Figure 9.5. Great Sand Dunes National Monument, Colorado. The dune
mass, more than 200 m tall, is trapped against the western margin of the lofty
Sangre De Christo Mountains. JRZ,9/02.
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dune sites like Big Dune (#9) and Clayton Valley (#10). Sand Mountain is a
major OHV destination, so it is often difficult to find pristine sand surfaces,
and increasingly difficult to find undisturbed slip faces for generating audible
sounds.

Winnemucca. Dunes cover an area of ~900 km? north of Winnemucca,
Nevada, as first described by Russell (1885). Stabilized parabolic dunes are the
most common landform, but isolated barchans and transverse ridges occur
scattered throughout the dune field. The dune morphologies and locations
indicate sand transport has occurred to the east (Smith, 1975), crossing two
mountain ranges that separate Paradise Valley, Silver State Valley, and Desert
Valley; this leads to the dune field also being known as the Silver State Dune
Complex (Eissmann, 1990; Epps et al., 2000). The sand source ultimately was
Lake Lahontan sediments (Morrison, 1964, 1991; Benson et al., 1990; Epps
et al., 2000), as at Sand Mountain (#11). OHVs are allowed on portions of the
dune field; enquire locally for permission.

Little Sahara Dunes. The largest field of active dunes in Utah is now a major
OHYV site (W12). Transverse ridges 100 to 200 m high are surmounted by
active transverse dunes 5 to 15 m tall, all surrounded by stabilized parabolic
dunes (Smith, 1982). Most of the sand comes from deposits left by the Sevier
River, which used to flow into glacial Lake Bonneville (W13). A link was
established between the beetle Fusattus muricatus found on the Little Sahara
dunes and those found on dunes in Silver State Valley (Winnemucca, #12),
many hundreds of kilometers to the west (Epps et al., 2000) (see 12 and 13 in
Figure 9.1).

Coral Pink Sand Dunes. Sand grains eroded from nearby Navajo sandstone
outcrops provide the distinctive color of the barchanoid ridge dunes within
the ~15 km? of this Utah state park (Ford and Gilman, 2000; W14; W15).
Much of the dune field is still active, although some portions of the field
have become fully stabilized by vegetation. OHVs are allowed on only
selected portions of the dunes.

9.2.3 High Desert

Navajo Dunes. Longitudinal dunes (aligned parallel to the major wind
direction) 2 to 9 m high and ~5 km long dominate a large portion of northern
Arizona, along with isolated barchans, transverse dunes, and climbing
and falling dunes (banked against bedrock obstacles) (Hack, 1941; Smith,
1982; Breed et al., 1984; Billingsley, 1987; Stokes and Breed, 1993). The dune
field includes the largest collection of longitudinal dunes in the western
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United States, but any research effort in the area must be coordinated through
the Navajo nation.

White Sands. Barchanoid ridges of very white sand make up a composi-
tionally unique dune field in New Mexico. The whiteness of the sand results
from being composed of gypsum (deflated from nearby Lake Lucero, but
initially leached from rocks in the surrounding mountains), which accumulates
through eolian processes into barchan-like dune forms (Murbarger, 1950;
McKee, 1966; McKee and Douglass, 1971; McKee and Moiola, 1975; W16).
Interaction of the gypsum sand grains with water results in some very unique
modifications of the dune sedimentary structures (Simpson and Loope, 1985;
Schenk and Fryberger, 1988). White Sands is now protected as a National
Monument (W17), but the dunes are easily accessible by regular automobiles.

Great Sand Dunes. National Monument status also protects this large
mass of sand trapped against the western margin of the Sangre De Christo
Mountains of central Colorado (Figure 9.5; Wegemann, 1939; Johnson,
1967, 1968; Burford and Hutchinson, 1968; Freyberger et al., 1979; Andrews,
1981; WI18). The dunes are the tallest of the selected sites discussed here
(215 m of relief), as well as at the highest elevation in the United States

Figure 9.6. Oblique aerial photograph of stabilized parabolic dunes near
Moses Lake, Washington. The prevailing wind is from the lower left;
parabolic dunes have horns stabilized by vegetation (a condition highly
unlikely on Mars!) that point into the driving wind direction. Individual
dunes are ~5 m tall and ~30 to 60 m wide. The dune sand has a large basaltic
component. JRZ, 9/98.
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(2400 m; USGS, 1982). Temporal changes in Landsat images of the dunes
document movement of sand but reveal no systematic migration trends
(Janke, 2002). However, satellite observations do document extensive dust
plumes originating from Great Sand Dunes (figure 9.3 of Edgett, 2002).

Killpecker Dunes. The largest and most active dune field in Wyoming covers
~274 km? and extends over a length of ~100 km (Smith, 1982; W19). The
dunes consist of barchanoid ridges, with some transverse ridges up to 45 m tall
and parabolic dunes up to 15 m tall (Ahlbrandt, 1973, 1974a, b, 1975). The
sand was derived from the Eocene Green River Formation instead of local
glacio-fluvial deposits (Ahlbrandt, 1973, 1974a) and its mineralogical maturity
is quite low, only slightly more mature than the sands in the Bristol pathway
(#3) (Muhs, 2002). OHVs are allowed on the dunes not within designated
Wilderness areas.

9.2.4 Northwest

St. Anthony Dunes. Both climbing and falling parabolic dunes cover much of
the Juniper Buttes near the town of St. Anthony in eastern Idaho (Greeley,
1977; W20). The sand is most likely derived from local sediments washed
into nearby Mud Lake and subsequently blown northeastward to form the
dunes (Dort, 1959). A modern migration rate of 3 m per year has been
documented for these dunes (Chadwick and Dalke, 1965). OHVs are allowed
on the dunes.

Bruneau Dunes. The Bruneau Dunes have collected in an abandoned cut-
off meander of the Snake River, carved into the basalts of the Snake River
Plains, and they include the tallest single-structured sand dune (> 140 m relief)
in North America (Murphy, 1973, 1975; W21). Basaltic (iron-rich)
particles comprise 12% (by volume) of the sand grains in the Bruneau
Dunes, likely derived from the surrounding basalts (Murphy, 1973). The
Bruneau Dunes were proposed as analogs to features on Mars shortly after
Mariner 9 first provided confirmation of sand dunes on Mars (Murphy and
Greeley, 1972). OHVs are not allowed on the dunes, located within a state park
preserve.

Christmas Valley. Southern central Oregon was the site of several lakes
during the last glaciation; the demise of Lake Chewaucan led to sand
accumulations at Christmas Valley (W22), while other isolated lakes led
to sand-sized sediments in (now dry) Alkali Lake and Alvord Valley (Orr and
Orr, 2000, p.88). The dunes are primarily parabolic, possessing long horns
stabilized by vegetation that connect to an active crescentic main body,
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Figure 9.7. Sand Mountain, Nevada. A sinuous transverse ridge contains the
highest portions of the dune complex, with transverse ridge dunes extending
into the surrounding mountains. Inset shows a horizontal view, looking in
the direction of the black arrow; “+ marks the same high point in both
views. Portion of digital orthophoto mosaic of the Four Mile quadrangle.
Inset, JRZ, 4/03.

and the sand is essentially basaltic in composition (Edgett, 1994). OHVs are
permitted on these dunes.

Moses Lake Dunes. A broad field of stabilized parabolic dunes (Figure 9.6)
is found southwest of the Moses Lake (Washington) city limits (W23),
portions of which are flooded by water from the Potholes Reservoir.
The dune sand consists of significant amounts of basalt and granodiorite
fragments, as well as clay weathering products; all of these components can
be detected remotely using hyperspectral mapping techniques similar
to those provided by recent spacecraft instruments (Bandfield er al., 2002).
Basalt and granodiorite outcrops within the Channeled Scablands, caused
by massive floods from glacial Lake Missoula (e.g., Baker, 1973; Alt, 2001),
are the likely source of the sand and not nearby Columbia River (Bandfield
et al., 2002). The Juniper Dunes Wilderness is a similar nearby collection of
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stabilized parabolic dunes, south of Moses Lake, but the Juniper Dunes lack
the potential fluvial-eolian interactions of the Moses Lake dunes. OHVs are
permitted on most of the Moses Lake dune field, although some dunes are on
private land requiring local approval for access.

9.3 A process-based view of the deposits

Regional sand transport by the wind can be semi-independent of topography,
unlike water transport which must at all times go downhill. In most places
on Earth, the geomorphic effects of running water mask those of wind;
however, in some desert regions, the interaction between eolian transport
and topography can be clearly seen. Sand can be transported between
basins over considerable distances, surmounting substantial topographic
barriers without significant obstruction of sand movement (Zimbelman
et al., 1995). Pathways of active eolian sands result, and may extend many
for many tens of kilometers. Sand will form ramps at topographic barriers
along such a sand pathway (see Lancaster and Tchakerian, 1996); Table 9.1
includes two sites (#3 and #5) in such transport pathways.

Layering and/or soil horizons in those ramps provide dates and other
clues to the changing climate prevailing while the ramps were created. For
example, interbasin transport of sand from the Dale Dry Lake area of Pinto
Valley eastward via Clarks Pass to Palen Dry Lake (site #3) has built a ramp
incised by drainage from the mountains at the margin of the valley.
Layers and soil horizons within the ramp can be correlated to Holocene
variations in the level of Dale Lake (Tchakerian, 1991; Lancaster and
Tchakerian, 1996). A similar sand ramp has been built by the wind at
Soldier Pass along the Mojave River, part of the Devil’s Playground regional
sand transport path that feeds sediments into the Kelso Dunes (#5). Quarrying
activities have revealed layering similar to that at Clarks Pass (Rendell and
Sheffer, 1996). The nearby Bristol Trough (#3) contains a sand pathway
connecting Bristol, Cadiz, Danby, and Rice Valleys (Figure 9.2; Zimbelman
et al., 1995).

Once sand ramps are fully developed, sand motion over the topographic
barrier proceeds apace, at least in theory. The Bristol Trough and Palen sand
paths (#3) in California are examples where geomorphic evidence clearly
indicates that some interbasin transport of sand has occurred (Zimbelman
et al., 1995). Chemical studies of samples from along transport paths confirm
the geomorphic observations (Zimbelman and Williams, 2002); however,
detailed analysis also shows that local contribution of sediments can be
important (Pease and Tchakerian, 2003).
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The other end-member case is when sand transport between basins does
not occur, probably due to some combination of weak or multi-directional
winds, vigorous destruction of sand ramps by running water, and steep
boundaries between basins. Wind may trap sand near such a topographic
barrier, producing a trapped dune mass. Overland flow of water down the
steep gradient of the topographic obstruction may assist the trapping process.
Examples include Great Sand Dunes in Colorado (#17) and the Eureka
Dunes in California (#8). In the case of the former, prevailing winds
transport sediments from the Rio Grande drainage across the San
Luis Valley to the front of the Sangre de Christo Mountains. The wind is
funneled up steep Medano and Mosca Passes, but the gradient is too steep
and stream action from those passes is too vigorous for sand ramps to
form. Similarly for the Ilatter, prevailing northwesterly winds trap
eolian sediments in a pocket in the Last Chance Range, but a ramp has not
formed, presumably because of a combination of wind regime and stream
action.

The intermediate case is a topographic barrier that is sufficiently large to
cause a significant obstruction to sand flow and the formation of a large dune
mass, but not so large that all interbasin flow is prevented. An example is Sand
Mountain (#11) east of Fallon, Nevada, where sand from pluvial Lake
Lahontan has blown against the mountains east of Fallon. The sand transport
path surmounts the Blow Sand Mountains to the southwest, and the
Sand Mountain dune complex extends over the topographic trap, but much
of the sand in motion resides at Sand Mountain.

Both interbasin sand transport and the formation of dune masses trapped
by topography require an ultimate source of the sand supply. On Earth,
that source is typically one or more of the following: a paleo-lake, a paleo-
river, erosion of local sandstone outcrops, paleo-flood deposits, and volcanic
deposits. Each terrestrial source type is potentially analogous to sand deposits
on Mars.

Tectonic activity has produced many enclosed drainage basins throughout
much of the western United States. During the last glacial epoch, many
pluvial lakes formed in those basins. Some were small and occupied but a
single basin; others filled many interconnected basins with very large bodies of
water (e.g., lakes Bonneville and Lahontan). Rivers and streams feeding
these lakes supplied large quantities of sand, and when the lakes dried
up with the changing of the climate, that sand was then available for
mobilization by the wind. The sand supply is not renewed unless the lake
returns, and the subsequent transport of lacustrine sands diminishes with
time as a consequence. The Algodones Dunes (#1) are composed of
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sand collected in Lake Cahuilla, a precursor to the modern Salton Sea.
The barchan dunes on the west side of the Salton Sea (#2) similarly were
derived from paleo-shoreline sediments, and the dunes at Sand Mountain
(#11) and north of Winnemucca (#12) are formed from sands from pluvial
Lake Lahontan.

Some lake-related dunefields were associated with temporary accumula-
tions of runoff rather than a pluvial lake that might have persisted for
many centuries. In many cases, wind deflates part of the playa surface to
form lunette dunes, unusually high in silt content (parna) (44 to 61 wt.% clay
fraction for dunes in Grass Valley, Nevada; Greeley and Williams, 1994).
Not enough sand was delivered to the parent playa to generate a large dune
or dunefield. The dunes of Alkali Lake, Christmas Valley (#21), Big Dune
(#9), St. Anthony (#19), and Moses Lake (#22) may include examples of
this type.

Rivers and streams can, in some cases, provide sufficient sands to build
dunes, without a significant lake having been present. Examples include the
sand of the Devil’s Playground/Kelso Dunes and Cady Mountains path-
ways (#5), related to the Mojave River, and the Dumont (#6) and Ibex (#7)
Dunes (California) are related to the Amargosa River. The sands of the Great
Sand Dunes National Monument (#17) come from the Rio Grande and its
tributaries, and the transverse dunes of the Cactus and La Posa Plains (#4)
in western Arizona are built of sands derived from the Colorado River
(Zimbelman and Williams, 2002). The large-scale floods that formed the
Channeled Scablands of Washington State produced large sand deposits that
are the source of some of the dunes in the Pacific Northwest (e.g., #22).
In some cases, the massive floods eroded volcanic materials into the size
range amenable to subsequent eolian transport into dunes and pathways.

In a few cases, the primary source of the sand is local erosion of sandstone
outcrops or older alluvium; overland water flow plays only a minor role
in the sand source. The beautifully colored sands of the Coral Pink Sand
Dunes (#14) in southern Utah are derived from local erosion of the Navajo
Sandstone deposits that ring the valley in which the dunes reside. The sands
of the Killpecker Dunes (#18) in Wyoming are derived from the erosion of
the Laney Member of the Eocene-age Green River Formation, which
underlies the dune area (Smith, 1982). The dunes of the Cactus and La Posa
Plains of Arizona (#4), the Algodones Dunes (#1) of California, and the Gran
Desierto (G in Fig. 12.1) are composed of sand transported by the Colorado
River; however, those sands may have resided in local alluvial deposits in
between the time they were transported by the river and freed to form the
present-day dunes.



A post-MGS perspective of eolian deposits on Mars 249

9.4 A post-MGS perspective of eolian deposits on Mars

Eolian features were first clearly documented on Mars in images taken by
the Mariner 9 spacecraft, and the Viking orbiters revealed details of the global
distribution of sand and dust around the planet (see reviews in Greeley and
Iversen, 1985; Greeley et al., 1992). The instruments on the MGS spacecraft
(see MGS at W2) are providing data that continue to produce revisions to
many of the Viking-based concepts for Mars (see Chapter 1). In particular,
the 2 to 6 m/pixel images from the Mars Orbiter Camera (MOC; W24) on
MGS provide views of eolian features that are comparable to aerial
photographs of Earth (Malin ez al., 1998; Edgett and Malin, 2000; Malin
and Edgett, 2001; Edgett, 2002). The MOC images have not revealed “‘new”

J

Salton'Sea
“barchans

Figure 9.8. Large barchans and barchanoid ridges on the floor of the caldera
of Nili Patera, Mars. Prevailing wind was from the upper right; barchans
have horns that point away from the prevailing wind direction. Slip faces
on the downwind side of individual dunes indicates the dunes are ~70 m
tall. TES data indicate the dark sands are basaltic in composition. Portion
of MOC image E03-02016, centered at 8.8°N, 292.9°W, 3.22 m/pixel,
NASA/JPL/MSSS (W25). Inset (lower left) shows three of the Salton Sea
barchans (2) at the same scale as the Mars barchans, rotated here 180° to
match the orientation of the Martian features; scaled subset of a US
Geological Survey Digital Orthophoto Mosaic.
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colian features as much as they have clarified the perception of specific details
for Martian sand dunes and dust deposits, including instances of eolian
deposition and erosion that are comparable in scale to features on Earth,
a change from the Viking view (Edgett and Malin, 2000). Comparison of
MOC and the best Viking and Mariner 9 images have yet to reveal any
observable movement of dune-forms on Mars (Zimbelman, 2000; Malin
and Edgett, 2001). Classification of Martian dunes is now becoming feasible,
although barchans (Figure 9.8; W25) and transverse dunes are still by far the
most abundant Martian dune forms (Malin and Edgett, 2001). Martian dune
assemblages include an enormous erg (sand sea) surrounding the north polar
cap, covering ~680000 km? between 75° and 80°N (Tsoar et al., 1979).
Numerous sand deposits are trapped within large impact craters in the
southern hemisphere, the largest deposits in the craters Kaiser, Proctor,
and Rabe between 42° to 48°S and 320° to 345°W (Greeley et al., 1992),
potentially analogous to topographically trapped sand on Earth (Table 9.1).

MOC images are providing tests of hypotheses for the growth and
development of dune fields trapped within craters like Proctor (e.g., Fenton
et al., 2002; Williams et al., 2003).

While the thin Martian atmosphere can clearly set sand in motion when
winds are sufficiently strong, once the sand falls within a topographic
depression with steep walls (like a crater or valley), it is effectively trapped.
Some material is blown away from the trapped sediments (Edgett, 2002), but
MOC images have yet to reveal sufficient sand to form sand ramps or climbing
dunes, as occur along terrestrial transport pathways. MOC images have
revealed abundant eolian transverse ridges over much of the Martian
surface, with wavelengths of tens to one hundred meters (Figure 9.9; W26;
W27); these features could either be small dunes or large ripples, which
form by different transport mechanisms (Malin et al., 1998; Malin and Edgett,
2001; Zimbelman and Wilson, 2002). Large eolian ripples on Earth have
wavelengths of several to tens of meters and heights of 0.3 to 2 m and
always involve a bimodal particle distribution of sand and granules to
pebbles (Williams et al., 2002); efforts are underway to test whether the
smallest Martian transverse ridges are more likely ripples or dunes (Wilson
et al., 2003).

MGS includes non-imaging instruments that also have greatly altered
the Viking view of Mars, most notably its topography and the composition
of its surface materials. The Mars Orbiter Laser Altimeter (MOLA; W28)
has measured topography to a vertical precision of better than 1 m over
spatial scales of hundreds of meters, providing the first quantitative assess-
ment of regional and local slopes across the entire planet (Smith er al., 1999).
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Figure 9.9. Transverse ripple-like features confined to the floor of Nirgal
Vallis, Mars. Features have wavelengths of 30 to 100 m, and could be formed
by either dune or ripple processes. Portion of MOC image E02-02651,
centered at 27.8°8S, 43.3° W, 2.8 m/pixel, NASA/JPL/MSSS (W26).

Unfortunately, MOLA does not resolve individual dunes, except for
some exceptional transverse ridges in the northern erg, and thus will not
provide morphometric information on Martian dune masses. In spite of this,
MOLA has established precise control for the slopes across which sand is
transported by the wind. The Thermal Emission Spectrometer (TES; W29)
on MGS has provided compositional constraints for Martian surface
materials over areas as small as 3 by 3 km (Christensen et al., 1998, 2001).
TES spectra have revealed two distinct volcanic compositions abundant on
the Martian surface: a typical basaltic composition and a slightly more
chemically evolved basaltic andesite composition (Bandfield ez al., 2000) that
is comparable to several rocks at the Mars Pathfinder landing site (Golombek
et al., 1999). The TES basalt component has a high concentration in Syrtis
Major (Bandfield et al., 2000; Ruff and Christensen, 2002), a classic low-
albedo feature that includes large barchan dunes (Figure 9.8). The presence
of basaltic dunes on Mars increases the importance of studies of basaltic
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sand dunes on Earth, like those at Moses Lake (#22) (e.g., Bandfield et al.,
2002). TIMS data (Ramsey et al., 1999) have been used to document the
transport of specific compositions of sand at the Kelso Dunes (#5), but it is not
yet clear how severely the dust on Mars will interfere with a similar analysis of
Martian sediments. TES has thus far failed to detect much quartz, the most
common sand component on Earth, even in regions that contain abundant
dunes (Christensen et al., 2001). Edgett and Lancaster (1993) discuss the role
of composition for many sand deposits, particularly those derived from
volcanic products.

MGS data have also intensified the investigation of hypothesized oceans
and isolated lakes on Mars, first proposed based on analysis of Viking images
(e.g., Parker et al., 1989; Baker et al., 1991; Forsythe and Zimbelman, 1995;
Edgett and Parker, 1997). The ocean hypothesis continues to be controversial,
with MOLA data providing topographic evidence in support of at least one
northern ocean level (Head et al, 1998) but with inconclusive MOC
evidence of diagnostic shoreline morphologies (Malin and Edgett, 2001).
Detailed topography using Differential Global Positioning System surveys
of shorelines from glacial Lake Lahontan (Nevada), when scaled for gravity
and the shallow slopes of the northern lowlands of Mars, compare very
well with MOLA topography across one hypothesized shoreline on Mars
(Zimbelman et al., 2004); additional field data are being collected to test
this correlation further. MOLA data revealed the presence of large lakes
ponded within the southern highlands, one of which helps to explain the
origin of Ma’adim Vallis at a kilometer-wide channel that empties into
Gusev crater (Irwin et al., 2002). Water has played a crucial role throughout
Martian history (e.g., Carr, 1996), but the lack of a recently active hydro-
sphere on Mars is a substantial difference from the environment of all sand
deposits on Earth, and this situation must be considered during analog eolian
field investigations.

9.5 Discussion

The ubiquitous nature of eolian features on Mars has been revealed by
spacecraft missions with progressively more capable remote sensors: Mariner
9, Viking, Mars Global Surveyor, and Mars Odyssey. Mars is obviously
enough like Earth to support a similarity in eolian processes and products;
however, the Martian eolian environment is sufficiently different to account
for significant differences between the two planets.

Mars is like the Earth when it comes to eolian transport in general,
sediment sources, bedform formation, and interbasin sediment transport.
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The basic process of eolian transport, especially by saltation, is the same on
both planets, as are the features produced by saltating sand. Fluvial processes
on both planets create and transport sediment later subject to wind action.
Viking and MOC data show abundant examples of eolian materials trapped
by Martian topography. Many craters contain fields of barchans/barchanoid
ridges that cover significant portions of their floors (e.g., Rabe and Proctor
craters). Valleys such as Nirgal Vallis (Figure 9.9) also trap considerable
quantities of eolian sediments.

But Mars is not like the Earth in other ways. The thin atmosphere of Mars,
its surface geologic history, and lack of an active, terrestrial-style, hydrologic
cycle affects the source and evolution of eolian sediments, the details of
the sediment transportation process, and the location and durability of the
resulting bedforms. The thinness of the Martian atmosphere requires wind
speeds an order of magnitude larger than on Earth to initiate and sustain
eolian transport (Greeley et al., 1982, 1985). Viking and Pathfinder
observations suggest that winds capable of moving loose sediments are rare.
The rocks at the Viking landing sites show some evidence of eolian
sandblasting (Binder et al., 1977; Mutch et al., 1977), and many rocks at
Pathfinder show considerable sculpting by wind-borne sand (Bridges ez al.,
1999; Greeley et al., 2002). The crater populations of these sites indicate
that they are relatively old, from the Hesperian (middle) period of Martian
history (Scott and Tanaka, 1986). Calculations of potential eolian abrasion
rates at those sites show that only a very small amount of the abrasion that
potentially could have occurred has, in fact, actually occurred. The most
likely explanations are: competent sand-sized material is very scarce on Mars,
sand-sized sediments are there in abundance, but its motion is inhibited
by some mechanism; or the surfaces we have landed on to date have been
buried (protected from abrasion) for a substantial proportion of their
existence (Greeley et al., 1982, 1985).

Sand-sized material must be abundant in the Martian surface environ-
ment, as evidenced by the presence of ergs, dunefields, isolated dunes, and
large-wavelength bedforms, all of which require saltation for their formation
(by terrestrial analogy), which in turn implies particle sizes in the few hundred
micrometer diameter range. The Algodones Dunes (#1) show a mix of
many dune types (longitudinal, transverse, and barchan), and parts of it
strongly resemble dune fields imaged by MOC, for example, the dunes within
Proctor crater.

Just how mobile the sand-sized material is, however, is less easy to determine
from orbital images. Comparisons of Viking and MOC images of dunes, for
example, show zero movement to within the spatial resolution of the Viking



254 FEolian dunes and deposits in the western United States

images (8 m/pixel, Zimbelman, 2000; 17 m/pixel, figure 40 of Malin and
Edgett, 2001) over periods of 10 Mars years (20 Earth years). Further, there
are numerous examples where large-wavelength bedform features, which by
terrestrial analogy should be highly mobile, have persisted in their positions
long enough to have been subject to impact cratering and be overriden by
debris flows and channel deposits, events that should have obliterated
bedforms composed of loose sand.

Neither theory nor observation has revealed widespread granitic rocks
on the surface of Mars. (Bandfield er al., (2004) note that the Thermal
Emission System (TES) on the Mars Odyssey Spacecraft recently detected
only local outcrops of granite-like material in the central peaks of two impact
craters.) Consequently, particulate materials are more likely to be composed
of basalt rather than quartz. Erosion of basalt by fluvial/eolian
processes could be the source of much of the sand-sized sediments seen on
the Martian surface, which would make the dunes at Christmas (#21)
and Moses (#22) lakes particularly good analogs (Edgett, 1994; Bandfield
et al., 2002).

Another consequence of the difference in terrestrial and Martian surface
environments is that Mars does not have parabolic dunes analogous to
those at Alkali Lake, Christmas Valley (#21), Juniper Flats, Moses Lake
(#22), St. Anthony (#19), and Winnemucca (#12). Parabolic dunes like these
owe their distinctive shape in large part to the stabilization of part of the
sand mass by vegetation, which of course is not present on Mars. However,
perhaps other agents (thick dust cover?) may stabilize Martian dunes within
the dusty low thermal inertia regions of Mars (Zimbelman, 2000).

Recent ideas of Martian gullies notwithstanding (e.g., Christensen, 2003),
lakes and streams are unlikely to have played a significant role in the
formation of the eolian bedforms that are nearly ubiquitous in MOC images.
However, postulated oceans, paleo-lakes, and the emplacement of dendritic
drainage patterns in ancient terrains (see Chapters 1 and 13), could have been
an older source of at least some of the sediments now residing in dunes
and ripple-like bedforms. Large outflow channels on Mars are analogous to
(and larger than) the flooding caused by breaching of glacial dams like that
which created the Channeled Scablands (see Chapter 12). Outflow channels
may have produced significant quantities of eolian material, much of
which has been blowing around the Martian surface for a long time (see
Chapters 11 and 12).

New data from current and future Mars missions should help to refine the
strength of some of the analog sites discussed above. The Mars Odyssey
spacecraft (W30) now in orbit includes the Thermal Emission Imaging
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System (THEMIS; W31), a camera that shows the Martian surface at both
thermal infrared and visual wavelengths. THEMIS images have already led
to new hypotheses about features such as the enigmatic gullies (Christensen,
2003), and the capability is just as great for similar advances for eolian
features. The Mars Exploration Rovers (MER) are providing detailed imaging
and compositional information from two new landing sites on Mars; while
not specifically targeted at eolian features, new insights have been gained for
wind-blown materials and eolian deposits (W32; Greeley et al., 2005).
The 2005 Mars Reconnaissance Orbiter should provide sub-meter-scale
images, which will likely change many of our current ideas about the
Martian surface and provide new opportunities for investigating analog
eolian sites here on Earth (W33).

9.6 Summary

Twenty locations in the western United States are discussed as potential
analog sites for eolian features and deposits on Mars. The sites represent
sand that is topographically trapped (a common occurrence on Mars), sand
deposits along transport pathways (potentially present on Mars, but not
reported to date), and sand that is derived from either lake or river sediments
(again potentially present on Mars, but not specifically identified as such),
although not all eolian sediments remain confined to topographic traps
(Edgett, 2002). MGS data have greatly improved the level of detail available
for Martian eolian features. On-going MGS and MER data collection,
combined with prospects from future missions to Mars, holds great potential
for more specific analog studies of eolian features and deposits in the future.
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10.1 Introduction: Martian gullies and terrestrial debris flows

The observation of small gullies on Mars was one of the more unexpected
discoveries of the Mars Observer Camera (MOC) aboard the Mars Global
Surveyor (MGS) spacecraft (Malin and Edgett, 2000). Gullies are the flutes
and narrow troughs formed by the debris flows process and not the process
itself. They mostly occur in a latitudinal band higher than 30°. The upper
parts of the slopes (mostly south facing slopes in the southern hemisphere)
exhibit alcoves, with generally broad and deep channels. They are character-
ized by their distinct V-shaped channels with well-defined levees. Individual
channels exhibit low sinuosity and deep erosion down to the fans that bury
the lower parts of the crater walls (Figure 10.1). These debris fans correspond
to one or several lobes.

The characteristics of these gullies suggest that they were formed by flowing
water mixed with soil and rocks transported by these flows. They appeared
to be surprisingly young, as if they had formed in the last few million years
or even more recently. In their initial analysis, the MGS Camera investigators
Mike Malin and Ken Edgett (2000) proposed a scenario involving ground
water seepage from a sub-surface liquid water reservoir located a few hundred
meters or less below the surface. However, the process capable of main-
taining such a shallow aquifer at temperatures above the freezing point of
water remains unclear. Several other hypotheses have been proposed
taking into account the geothermal activity (Gaidos, 2001; Hartmann, 2001)

The Geology of Mars: Evidence from Earth-based Analogs, ed. Mary Chapman. Published by Cambridge
University Press. © Cambridge University Press 2007.
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Figure 10.1. Debris flows on Mars in Nirgal Vallis (MOC image
M03—02290) (29°S and 39°W). MOC image, MSSS. Total length of debris
flows is 900 m.

or the presence of brines (Knauth et al., 2000; Knauth and Burt, 2003),
snowmelt in more recent periods (Christensen, 2003), or liquid CO, breakout
(Musselwhite et al., 2001). Through analysis of the MGS Camera data archive,
some examples have been discovered of gullies originating from the top of
isolated peaks and from dune crests (Baker, 2001; Mellon and Phillips, 2001;
Mangold et al., 2003). In these cases, the involvement of a subsurface aquifer
is unlikely. The morphometric characteristics of Martian gullies, especially
the existence of levees, strictly focus the formation of gullies by quick flows
of rock—water mixture with high rock proportion inconsistent with the slow
erosional process described by Christensen (2003).

On Earth, hillslope debris flow can be defined as a rapid mass movement
of a flowing mixture of sediment and water (Phillips and Davies, 1991). Two
types of debris flows can be defined: valley confined debris flow (or lave
torrentielle in the French literature; Coussot, 1994) and hillslope debris
flows (which may correspond to the Martian gullies) triggered at the base of
a cliff which is only partially channelized on the high part of the slope.
Geomorphologically the debris flow system typically consists of the following
parts: (1) a funnel-shaped debris source area consisting of a ravine (or series
of deep gullies) below steep rocky slopes; (2) a zone where debris levees
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are found on both sides of the flow track; and (3) a terminal part where the
levees join to form a frontal or a combination of several lobes (Van Steijn ez al.,
1988; Van Steijn, 1991; Major, 1997). A channel meandering pattern
is possible especially in sections were slope angles are relatively low. From
a physical point of view, these debris flows consist of a mixture of unsorted
rocky material with low water content that forms a muddy slurry moving
downslope. Of particular interest are the periglacial debris flows induced
by the seasonal temperature change in the polar regions with continuous
permafrost (i.e., the sub-surface is permanently frozen). Debris flows occur
when soils begin to be saturated with water after the melting of the snow
cover and/or the ground ice (French, 1988). Pure surface runoff cannot
explain the formation of debris flows, because the existence of levees
implies a significant thickness of material to initiate the debris flows
(Mangold et al., 2003).

10.2 The Greenland analogy

With the existence of a global permafrost and from a thermal point of view,
Mars is considered as a periglacial planet. In order to get a more precise idea
of the formation of these debris flows, we therefore proposed to study a typical
terrestrial analog in a dry periglacial area. Martian gullies were strikingly
similar to some ‘“‘debris flows” that were observed by two of the authors
in East Greenland (Jameson Land) during two field trips in the summer
seasons of 1987 and 1989 (Peulvast, 1988). Both features exhibit the same
scale and the same morphology (Figure 10.2). Like Mars, East Greenland
has a dry periglacial climate. Jameson Land (70 to 71°N) is located north
of the Scoresby Sund fjord and comprises wide plateaus 600 to 1000 m high
mainly composed of clastic sediments (sandstones, mudstones, and shales
from Permian to Lower Cretaceous age). The materials are relatively
cohesionless, coarse, and easily removable. This is a particularly favorable
condition for the initiation of debris flows. The annual mean temperature
is —6.7 to —8 °C at sea level. Mean monthly temperatures are —18 °C in March
and +4.5°C in July at sea level; and winter minimum and summer maximum
temperatures are, —43°C and +20°C respectively. Annual precipitations,
mainly snowfalls, are 428 mm on the coast, with maxima in October and
December; they are probably much less inland, in Jameson Land, as shown
by the steep gradient of the glaciation limit, from 300 m at the coast to more
than 900 m at a distance of 30 km to the northwest and even 1500 m in
Jameson Land. The low temperatures favor a thick continuous permafrost
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Figure 10.2. Debris flows in Jameson Land (East Greenland). The mean
length of the transport zone is about 500 m.

of 80 to 220 m, and the active layer (part of the frozen ground thawing
in summer) is about 1 m thick.

The source areas of the flows correspond to an outcropping in a high-
walled cuesta (a ridge with one steep slope) near Harris Fjeld, which exhibits
deep alcoves and funnels of about 15 to 60 m high and 50 to 100 m wide, carved
into highly jointed shales and sandstones of Lower Jurassic age (Figure 10.2).
Some of them originate in the upper parts of talus aprons below the rock
cornice. Single or multiple linear channels with lateral ridges (levees) charac-
terize the transport zone, as in many Martian gullies (Figure 10.1). The
Greenland levees are observed lateral to both sides of the internal channels
as continuous and narrow ridges reaching heights up to 10 to 50 cm above
the surrounding slope (Figure 10.3). These levees are deposits of coarse and
poorly sorted materials. Their mean length is a about 300—500 m, with slope
angles between 25 and 30° and their size are comparable to gullies observed
on several MOC images. For most periglacial areas, levees are typical of
a particular kind of flows with a yield strength (Allen, 1997). The yield strength
corresponds to the minimal shear stress the material needs to reach before
to flow. They are typically associated with flows that contain 50 to 90% clastic
materials (silt to pebble size; Allen, 1997). The existence of levees implies
the incorporation of meltwater in the debris over a significant thickness of
material (Innes, 1983; Boelhouwers et al., 2000). The flow of such mixtures
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Figure 10.3. Lateral levees of 10 to 50 cm height along the debris flows.
Location: Jameson Land.

usually follows mechanical behavior of a Bingham fluid. Therefore, the flow
stops rapidly when the slope decreases at the foot of the hillslope due to
a reduction of the shear stress to values below the critical stress needed for
such a mixture to flow.

On the hillsides below simple or multiple channels, their deposits
form fans whose top is found up to 60 m above the base of the slope.
Radial channels, with simple or anastomosing patterns, are observed on the
distal cones or fans, whose slope angles are more gentle (25—10° or less).
Distal-lobes are found lower down at the end of the channels at the foot of
hill slopes. Half buried or exhumed sandstone blocks are found scattered on
the fans, which are made of roughly stratified material.
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10.3 Triggering factors in debris flow occurrence

In periglacial environments, two main conditions are needed for debris
flow to be triggered: (1) the existence of a permafrost with an active layer,
and (2) a large volume of weathered materials (Caine, 1980; Johnson and
Rodine, 1984; Iverson, 1997).

10.3.1 The permafiost influence

Field studies showed that the periglacial debris flows in Greenland are not
formed by ground water seepage, but that they result from the thawing of the
near-surface ice (melting of the active layer), which becomes impregnated
by liquid water when the snow and the interstitial ice melt (Harris and
Gustafson, 1993). Seasonal snow covers occur in the alcoves and interstitial
ice is usually found under the surface and can be seen to a depth of several
meters. The permafrost limits the infiltration and permits debris flows
triggering. In this case, debris flow triggering can be linked either to a rain
event on an active layer already saturated with water or can be due simply
to snow/ice melt without former precipitation ( French, 1988; Wenshou and
Cunhai, 1992). Generally speaking, the presence of a continuous perma-
frost explains that no water sources were observed in the study area in
Greenland. Similarly, because this region is subject to a dry and cold climate,
showers are not frequent. Although summer rains can contribute to the
erosion of the plateau (shallow hortonian gullying on bare slopes), direct
run-off from rains is not the main process creating the debris flows. Some
heavy and continuous rainfalls (one or two days) may occur in summer-
time, but we could not observe any debris flow triggered by them. On the
contrary, the most recent debris flows that were observed had occurred
while snow was still present on the lower slopes, as shown by the preserva-
tion of residual cones of snow protected until the end of July by thin layers
of mud and debris (Figure 10.4). In conclusion, the melting of the active
layer represents the main source of liquid water. Debris flows are usually
initiated when the critical shear stress is reached after the increase of fluid
pressure within the layer of weathered debris (Johnson and Rodine, 1984;
Iverson, 1997).

10.3.2 Weathered debris and debris flow occurrence

After a flow has occurred, the time needed for the store of rock debris
to be reconstituted depends on climatic and geomorphological parameters.
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Figure 10.4. Recent debris flows in Jameson Land (Greenland) which
occurred by the infiltration of melting snow during the summer season.

The climatic parameters are linked to the temperatures and precipitations
(Jomelli et al., 2004). Generally, the rate of this type of weathering depends on
the frequency of freeze/thaw alternations inside the rock-wall, their duration,
and their intensity. However, fragmentation of the rock by freezing occurs
only when the rock has a certain water content. This moisture can be related
to rain or the melting of the snow cover. However, the time necessary for
the reconstitution of the stock also depends on lithology, the nature of the
contributive surface, and the altitude of the rock-wall (since temperatures vary
according to altitude).

Generally speaking, large volume of debris can be due either to
morainic accumulations on a slope (Haeberli e al., 1990; Rickenman and
Zimmermann, 1993) or to debris accumulated in a couloir (or deep, narrow,
steep-sided valley) or at the apex of a slope deposit by frost weathering
(Pech and Jomelli, 2001). In Greenland, this process is helped by the action
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of freeze—thaw cycles which fracture rocks and form many debris-covered
hillslopes (Innes, 1983), especially in the sandstones and shales that outcrop
in this cuesta. Debris (slabs, pebbles, and abundant fine products) accumulate
on slopes with angles of repose approaching 30°.

On Mars, detailed analyses of MOC images show some correlation
between large-scale debris flows and geological context. In particular, two
interior walls of impact craters, a Gorgonum impact crater (37.4°S, 168° W)
and a Terra Cimmeria crater (204° W, 41°S), exhibit unusually well-developed
flow channels and large end-lobes (Figures 10.5—10.8). Both craters have
internal channels that are about 3 to 6 km long and are several tens of meters
wide, and both exhibit a highly dissected crater rim and unusual large-scale
debris flows at the intersection between a wrinkle ridge and the crater rim.
The diameter of the Gorgonum impact crater is 14 km. Its morphology is
relatively fresh and exhibits lobate ejecta and a central peak. High-resolution
images of this crater indicate a general stratigraphic uplift of the layered
terrains along the crater rim. The western side of this crater crosscuts the
eastern flank of a north trending wrinkle ridge (Figure 10.5) without any
change in the morphology of the crater rim or floor topography.

Figure 10.5. Geomorphological context of the Gorgonum impact crater
(37.4°8S, 168°W). Red area indicates the localization of large-scale debris
flows. MOC image MSSS. North is at the top of the image.
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Figure 10.6. Large-scale debris flows near 37.4°S and 168° W. The greatest
distance travelled, measured from the head of the debris flow to its distal
deposit, is 6 km. MOC2—-241 image, MSSS.

The other impact crater located at Terra Cimmeria displays unusually
large debris flows. A wrinkle ridge crosscuts the eastern part of the crater rim
(Figure 10.7). This crater is 20 km in diameter. The mean width of the
ridge is 3 km and its height is 216 m (from MOLA data). The elevation of
the crater rim on the surrounding supposed lava plain is 670 m.

In both impact craters, the upper part of the walls have steep slopes that
are dissected by channels. The debris flow deposits bury the lower parts of
the crater walls. The morphology of these debris flows suggests several rapid
mass movements of debris. They are characterized by their distinct steep
V-shaped channels emanating from the crater rim and by their large-scale
debris fans on the crater floor (Figures 10.6 and 10.8). These large-scale debris
flows mostly originate from faults with thick accumulations of debris at the
base of escarpments. In both cases, there is a distinct correlation between
these wrinkle ridges and large-scale debris flows. Impact events crater, disturb,
and break up the upper crust to a depth of the same order as the crater
diameter (Melosh, 1989). The broken material near the crater is weaker
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Figure 10.7. Geomorphological context of the impact crater at Terra
Cimmeria (204.82° W and 41.25°S). MOC image. Red surface shows the
localization of the large scale debris flow. North is at the top of the image.

than the material from the surrounding zone by the reduction of its
cohesion (Allemand and Thomas, 1995). By analogy with terrestrial analogs,
one hypothesis is that these large-scale debris flows are due to the relatively
high porous structure of the highly fractured zone. Underneath the ejecta
deposits probably lies a fractured regolith of significant porosity with
various fault structures in relation to wrinkle ridges. Under the present cold
environment, water or ice may have been trapped in pores in the breccia.
Fractures or faults controlled preferential condensation of atmospheric H,O
and its accumulation in the layers.

10.4 The obliquity variation scenario: the Martian case

On the basis of the Greenland analogy and the near-surface melting scenario,
it was tempting to assess if such a process involving the melting of the
near-surface could have occurred on Mars. Using a state-of-the-art model
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Figure 10.8. The Terra Cimmeria impact crater exhibits exactly the same
kind of large-scale debris flows (MOC image M10—01143, MSSS) as those
shown in Figure 10.6. Scene 2.8 x 5 km.

of the current Martian climate used to analyze current mission observations,
the temperature of the surface and sub-surface on various locations on
Mars and for various obliquities has been calculated (Forget et al.,
1999). Obliquity is the inclination of the planet rotation axis on its orbit
(currently about 25°). Mars orbit specialists believe that its obliquity has
varied a lot in the past million years (from 0° to 60°), and these variations
have strongly affected the climate (Laskar and Robutel, 1993; Touma and
Wisdom, 1993).

Our calculations revealed that the only places on Mars where the daily
mean temperature has been above the melting point of water during the past
obliquity cycles are the mid and high latitudes above 30°, especially on
poleward-facing slopes (Costard et al., 2002). The corresponding thermal
wave could have melted the ground ice over several tens of centimeters.
The fact that poleward-facing slopes receive more sunlight and get warmer
at high obliquity in the summer is due to the pole being tilted toward the Sun.
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This preferential orientation and the latitudinal distribution of the warmest
near-surface temperature coincide with the location of the observed Martian
gullies, suggesting a link between near-surface warming and debris flows.
In fact, to further test this hypothesis, a more detailed statistical analysis
of the observed gully orientations has been performed (Forget ez al., 2003).
The statistical data show an almost perfect agreement between the variations
of the orientation of the gullies with latitude observed on Mars and those
predicted by the model. On this basis, and since Mars at high obliquity is
thought to have had a water-rich atmosphere (Toon et al., 1980; Mellon and
Jakosky, 1995; Richardson and Wilson, 2002), much thicker than today
(so that liquid water could sometime flow on the surface), it is believed that
the Mars gullies result from the melting of the near-surface ground ice and
interstitial ice at high obliquity (Costard et al., 2002).

10.5 Conclusion

Examination of the Martian conditions (low temperature and global
permafrost) leads to the idea that analogies may be considered between
the Martian and terrestrial periglacial climates. The morphological character-
istics of most Martian gullies, with levees and accumulation of debris at their
base, do suggest that they are formed by debris flows rather than a slow
erosion by a continuous surface runoff. Debris flows occur as short and
repetitive events. Some large-scale debris flows on Mars occur on highly
fractured zones like wrinkle ridges. On the basis of the Greenland analogy and
the near-surface melting scenario, it is tempting to assess if such a process
involving the melting of the near-surface could have occurred on Mars.
Calculations and preferential orientations of Martian gullies suggest that they
result from the melting of the near-surface ground ice and interstitial ice
at high obliquity.
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Siberian rivers and Martian outflow
channels: an analogy
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11.1 Introduction

The origins of Martian outflow channels have been the subject of considerable
debate. Our examination of Martian conditions has led us to the idea that
many commonalities exist between the Martian and terrestrial periglacial
climates. Particularly, the formation processes for Martian outflow channels
and Siberian valleys seem to be similar on both planets. Therefore in this
chapter we propose an analogy between the Lena River and the Martian
outflow channel Ares Vallis. The fluctuating flows of the Lena River might
also afford an analog to the Martian channel-forming flows. Both hydro-
systems were or are associated with a periglacial environment characterized
by a deep and continuous permafrost.

11.2 Periglacial environments in Yakutia and on Mars

Central Yakutia (Figure 11.1) is a very specific morphoclimatic zone, bound
on the east by the Verkhoyansk Mountains (elevation 2900 m) and on the
west by the Siberian shield of (200 m to 1000 m in elevation). The extreme
continental Yakutian climate in Siberia is characterized by long and cold
periods with minimum surface temperatures of —72°C. In summer, the
maximum surface temperature can reach 38 °C. Low precipitation (less than
200 mm per year), and high evaporation and sublimation rates are char-
acteristics of a very dry climate (Katasonow and Soloviev, 1969).

The low mean annual surface temperature together with the thin snow cover
favor the existence of a deep permafrost layer. With a permanent freezing
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Figure 11.1. Location map of the Lena River in Siberia.

temperatures and a continuous permafrost, Central Yakutia is considered as
a periglacial environment. The maximum depth of frozen soil in Oimiakon
(Yakutia) is about 1500 m and the thickness of the average Siberian perma-
frost is about 350 m (Anisimova et al., 1973). A drilling down to 1450 m
indicated the existence of a permafrost whose conditions of pressures and
temperatures were favorable to the formation of clathrates (Makogon et al.,
2005). The temperature of the Siberian ground ice at the depth of minimum
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annual seasonal change varies from —5°C to —12°C (Péwe, 1991). Locally in
Siberia, the temperature of ground ice decreases with depth down to —12°C,
indicating residual colder past climate during the Pleistocene (French, 1988).
This permafrost contains 50% of interstitial ice, but segregation ice is 80%
of ice content (Anasimova et al., 1973). Massive icy beds are common along
the Lena River banks and may reach an ice content as high as 250% (by mass).
The thickness of the active layer varies from 1.5 to 2 m in the silts and 4 m
in sands (Anisimova et al., 1973).

From a thermal point of view, Mars looks like Siberia for many reasons.
Mars is a dry cold planet with extensive permafrost. The mean annual
temperature of the Martian surface is estimated to be —50°C to —60°C
(Kieffer ez al., 1973), and the atmospheric surface pressure is about 600 Pa. At
a latitude poleward of +40°, the surface temperature remains under 0 °C all
year. Because of these conditions, permafrost exists over the entire planet.
Estimates of the permafrost thickness range from 3 to 7 km near the poles
to 1 to 3 km near the equator (Fanale et al., 1986; Clifford, 1993). The presence
of ice in the ground was confirmed with the detection of near-surface ice
poleward of 55° by the Neutron Spectrometer aboard Mars Odyssey (Boynton
et al., 2002; Feldman et al., 2002). The thermal conditions of the Martian
ground-ice (temperature and thickness) may be similar to those of the present
terrestrial permafrost.

11.3 Comparative approach of hydrogeomorphology:
the Lena River and Ares Vallis

It has been demonstrated that the fluvial dynamics is dependent on the main
variables of the fluvial basin (mainly morphostructural and bioclimatic
conditions), that determine semi-dependant variables (hydrological function-
ing: intensity and frequency of morphogenic discharges, and characteristics
of the sediment load; Leopold and Wolman, 1957; Schumm, 1977; Knighton,
1999). The geometry (longitudinal gradient, and channel cross-section, width,
and depth) and the fluvial pattern (fluvial plan forms defined by the number
and the sinuosity of the channels) are adapted to spatial and temporal
variations of water and sediment discharges (Leopold and Wolman, 1957;
Schumm, 1977; Knighton, 1999). Therefore, the fluvial landforms express the
influence of the whole system parameters, and their analysis is commonly
used to understand the fluvial dynamics. The Lena River study provides
a better understanding of the fluvial forms for Martian outflow channels.
The total length of the Lena River exceeds 4000 km with a main
south—north course and the river receives few tributaries (Kirenga, Vitim,
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Oliekma, Aldan, Viliouy rivers). The lower Lena River forms a delta into the
Laptev Sea. During the major floods, for which the peak discharge can reach
20000—35000 m®s~", the inundation covers a 25 km width in the floodplain
downstream from Yakutsk (62°N). The Lena River is composed of several
wide and shallow channels, their width varying between several hundred
meters and three kilometres; very long (1—5 km) sandy bars and forested
islands constitute the main deposition zones (Figures 11.2 and 11.3). In the
floodplain and islands, another type of channel can be observed: narrower
branches (a few tens of meters wide), often sinuous, and frequently discon-
tinuous (without outlet). Because of the very gentle slope of the Central Siberia
rivers (0.0001), the specific power stream is very weak (less than 10 W m™>;
Figure 11.4).

The Lena River is comparable in scale to most Martian outflow channels
(Ares, Tiu, Simud, and Kasei Valles) which are 10 to 30 km wide and more
than 1000 km in length. With a total length of 1500 km, Ares Vallis is one
of the largest Martian outflow channels (Figure 11.5). Ares Vallis consists of
a valley with a few tributaries, averaging at least 25 km in width along a mostly
rectilinear course. The channel has a gradient of 0.0001 — more or less the

L) ¥ i) .- .l.l..-

Figure 11.2. The Lena—Aldan Rivers junction (Siberia). Landsat image.
One can note the presence of thermokarst lakes in the flood plain.
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Figure 11.3. Flood plain of the Lena River. From Gautier and Costard
(2000).

same as for the Lena River (0.0001; Figure 11.4). It generally is incised between
1 and 2 km into the adjacent plateau surface, and the source areas correspond
to chaotic terrains which are collapse zones.

Both high-resolution Mars Orbital Camera (MOC) images (2 m/pixel) and
Themis visible images (18 m/pixel) of Ares Vallis floodplain reveal a pattern of
multiple channels. Streamlined islands and long and narrow forms can be
interpreted as median bars of fluvial deposits (Figure 11.6). These supposed
median bars are very similar to those observed along the Siberian rivers. The
morphometric data for the Ares Vallis streamlined forms compare closely to
the width/length ratio of the Lena islands (Table 11.1). However, there is a
slight increase of the elongated shape for Mars indicating a higher turbulence
of the flow (Baker, 1982), and so relatively higher velocity water flows for
Ares Vallis than for Siberian rivers.

11.4 Specific hydrosystems dominated by short and intense outburst floods

Due to its large catchment (2.49 x 10° km?), the Lena River brings annually
525 km® of water to the Laptev Sea (Antonov, 1960). The hydrology of the
Lena and its tributaries is characterized by high discharge variations
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Figure 11.4. Position of the Lena River and Ares Vallis on a slope-discharge
plot and distribution of the six types of anabranching rivers. From
Leopold and Wolman (1957), Nanson and Knighton, (1996), modified.
Ares Vallis (Mars) and Lena River (Siberia) are anabranching rivers which
maximize bed-sediment transport under very low gradient and short efficient
discharges.

(Gordeev and Sidorov, 1993; Gautier and Costard, 2000). The long drought
during winter is strongly influenced by the Yakutian climate: under a carapace
of thick ice, the river discharge is then extremely reduced (900—1500 m*s™!
at Tabaga gauging site, near Yakutsk, and 4—12 m> s™' for the Vilioui River,
a left side tributary), and its lowest level occurs at the end of winter, a few
weeks before the flood. Figure 11.7 shows the discharge versus time and
suggests that the majority of the discharge occurs during the short break-up
period of about 4—6 weeks. The maximum flood peak of the Lena River
can be 50000 m*s~! near Yakutsk and reaches 100000 m’*s~' downstream
from the Aldan junction, its main tributary (Gautier and Costard, 2000). The
south—north flow of most Siberian rivers involves a fluvial outburst delay
of 30 to 50 days between the upper basins and the middle valleys (Yamskikh
etal., 1999). Coming from the south, the flood arrives in Central Siberia before
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Figure 11.5. Part of the Martian outflow channel Ares Vallis. The image is
1000 km wide. Viking mosaic, NASA.

the increase of atmospheric temperature. In the middle Yenissei valley,
Yamskikh ez al. (1999) also observed that the break-up of the river ice precedes
(by 20 to 25 days) the increase of the atmospheric temperatures.

For this reason, the “‘warm’ water provokes a massive break-up of the ice
covering the river. During the outburst flooding, the Lena River carries large
quantities of ice blocks and woody debris that accumulate locally. These
ice- and log-dams provoke a water level increase, and thereby reroute the
water in the floodplain and islands (Gautier and Costard, 2000). This specific
mechanism is probably the origin of the small sinuous channels developed
in the floodplain and islands. These anastomosed branches are rapidly
dewatered at the end of the flood and the brevity of their submersion could
explain why a great number of them disappear gradually downstream and
do not have an outlet.

The extensive inundation can also be explained by the presence of
a permafrost which limits the infiltration. The discharge decreases
rapidly at the middle of July, because of the lack of precipitation and
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Figure 11.6. Fluvial bars and islands on the Ares Vallis outflow channel
(Mars). Viking mosaic, NASA. The image is 120 km wide.

Table 11.1. Comparative morphometric and hydrologic characteristics of the Lena River
and Ares Vallis

Width/length ratio Length Width  Gradient Discharge

(islands, bars) (km)  (km) m’s™
Lena River (Siberia) 2.8 to 3.1 4000 Upto 25 0.0001  Up to 50 000
Ares Vallis (Mars) 1.8 to 2.5 1500  Upto25 0.0001  Up to 10*

of ground-waters. A secondary peak of discharge occurs at the end of summer,
which is related to storms.

The morphometric characteristics of the Lena River can be compared to the
Martian outflow channels. Different interpretations of the Martian outflow
channels have been proposed. Lucchitta (1982) considered the channels as
possible glacial valleys. Carr (1979) suggested that these valleys were formed
by sudden release of water from confined aquifers producing catastrophic



Erosional processes 287

40000
35000f ————————————— e dessebinusns 4.9
A
30000} ———————————— #—‘i ———————————— 42
I
1 '
25000 1

20000

Discharge m3.s7!

15000

Monthly rate Q,, / Q

10000

5000

Figure 11.7. Regime of the Lena River. From Gautier and Costard (2000).

floods and Baker (1982) also proposed highly turbulent catastrophic floods.
According to Wallace and Sagan (1979), the prevailing cold, dry Martian
environment would have generated an ice cover.

Previous studies suggested the Martian floods would have been ice-rich
(Lucchitta, 2001) and perhaps highly fluctuating, similar to the Siberian
rivers. High-level fluid erosion on the upland surface indicates high discharge
variations for Ares Vallis. High-resolution images of braided and crosscut
channels indicate discharge variations (Figure 11.8). For example, Carr (1979)
proposed discharge rates from 28000 m?® s™' to 110000 m® s~' for Martian
outflow channels and Baker (1982) gave discharge values ranging from
10° to almost 10® for Ares Vallis. These discharge estimations indicate
catastrophic floods quite similar to the highly turbulent regime of the flow
for the Lena River.

11.5 Erosional processes: evaluation and impacts of thermal erosion
on sediment processes

Three main factors induce strong interactions between the “warm’ water,
on the one hand, and, on the other hand, the frozen banks and frozen
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Figure 11.8. High-resolution Themis image of braided and crosscut channels
indicating discharge variations near Lunai Planum. Resolution: 19 m/pixel.
Image size: 57.8 km x 23.5 km. Image Credit: NASA/JPL/Arizona State
University.

ground of floodplain and islands: (1) the marked water level variations in
the fluvial bed, (2) the delay between the flood and the air temperature
increase, and (3) the rapid increase of water temperature. In Siberia, ice
dams and local high variations of the water level locally accelerate the
erosion of the river banks. Active thermal erosion processes on river banks
and immediate removal of sediments seem to be particularly effective on
periglacial rivers (Walker and Arnborg, 1963; Jahn, 1975; Are, 1983;
Walker, 1983), especially with non-cohesive sediments (sand, silt). Lateral
thermal erosion produces specific forms, such as thermoerosive niches
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which favor collapsed blocks (Jahn, 1975). This type of thermokarstic
subsidence exhibits degraded terraces and large slumps along the river
banks. When massive ice (in ice wedges, thick ice lenses, etc.) is present,
slumping and preferential bank erosion may occur more rapidly than would
otherwise be the case (Jahn, 1975). Thawing of the ice reduces the strength
of the thawed sediments and produces easily removable uncemented ground
(Costard et al., 2003). Individual pyramidal masses of soil appear separated
from the bank by deep and narrow channels where a process of wash out
must take place (Caveliev, 1958).

Are (1983) calculated a mean annual erosion of the Lena River banks of
6.5 m per year; on the main channels banks, the erosion can be 19—24 m per
year, and on islands heads, a maximal rate of 40 m per year is observed.
Gautier et al. (2003) conducted a 35-year diachronic study of the fluvial
forms of the Middle Lena River. The joint study of aerial pictures (Corona
satellite, 1967) and satellite images (Landsat 4 to 7: 1992, 1999, and 2002)
allowed us to perform a follow-up of the temporal evolution of Lena River
fluvial landforms (Figure 11.9). On the basis of a GIS, a delineation of the
main fluvial units (channels and islands) was proposed to quantify their
mobility. The analysis reveals a spatial variability of the efficiency of the
thermal erosion on the fluvial form mobility. For example, on channels banks,
a mean annual bank retreat of 3—4 m per year was calculated, and fast — but
very local — retreats can be observed. With regards to the width of the
channels, the bank retreat remain low; it represents 0.05—0.1% of the channel
width (mean value) and a maximum of 0.45%. For this reason, the main
channels remain stable and no channel migration was noticed during the
proposed period. Concerning the small narrow channels, no change occurred.
Contrarily, the islands heads undergo a fast erosion, with an average of 12 m
per year and a maximal retreat of 40 m. The islands also migrate relatively
rapidly downstream by erosion on the head and accretion downstream,
especially in three zones: upstream and near Yakutsk and at the Aldan River
junction (Figure 11.9).

The presence of ground-ice and wide rivers observed on Mars and in
Siberia, suggests the occurrence of thermal erosion during the flooding
event. The arguments for fluvio-thermal action on Mars as the erosive
agent are based on analogy with Siberian rivers (Aguirre-Puente et al.,
1994). On Mars, relatively warm floods could have widened channels by
a combination of thermal and mechanical erosion along frozen river
banks. Thermomechanical action probably resulted from the thawing of
the ground and the subsequent transport of thawed sediments (Costard
et al., 1999).
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11.6 Hydrodynamics of anabranching rivers: application to
the Lena River and Ares Vallis

The fluvial pattern of the Siberian rivers (stable multiple channels, presence
anastomosed branches in plains and islands, and forested islands) depen-
dent on the specific hydrodynamic functioning and on the limited stream
power allow us to compare those rivers with anabranching river patterns.
Anabranching systems are composed of multiple channels separated by allu-
vial islands, generally associated with a low gradient (Smith, 1986; Knighton
and Nanson, 1993; Nanson and Knighton, 1996). According to Nanson and
Knighton (1996), anabranching forms are characterized by maximized
bed-sediment transport under very low gradient and short efficient discharges
(Figure 11.4).

On the Lena River, the fluvial thermal erosion on banks is one of the causes
of aggradation. During the annual fluvial outburst, local bank retreats provide
an abundant sediment supply. The annual suspended load is approximately
7 million tons for the Middle Lena River near Tabaga (Antonov, 1960) and
12—17 million tons (5—7 tkm 2 yr~") for the lower Lena River (Lopatin, 1952;
Lvovitch, 1971; Gordeev and Sidorov, 1993). The bars of the middle Lena
River and of its tributaries are mainly formed by sands (Dso: 200—300 pum)
and ancient eolian deposits constitute the greatest part of the present-day
sediment load of the Siberian rivers (Gautier and Costard, 2000). Because of
the very gentle gradient of the river, thermal and mechanical erosion provides
a sediment load which exceeds the stream power (flow capacity). Therefore, in
the case of the Lena River, the sediment load does not probably migrate over
long distances downstream and is accumulated on wide bars and long islands.

Thermal inertia from both IRTM (Betts and Murray, 1994) and IR
THEMIS images (Christensen et al., 2003) is related to properties of the
surface (particle size, abundance of rocks) and to the proportion of fine and
rocks. From these data, the floor materials of Ares Vallis along its entire
course have a much higher thermal inertia surface than surrounding upland
(Jakosky et al., 2000, Nowicki and Christensen, 2001). The interpretation is
that the material is probably sand-sized (200—1000 pm) and may have
constituted a abundant sediment supply (Nowicki and Christensen, 2001;
Christensen et al., 2003).

11.7 Thermokarst

The Lena valley forms a wide alluvial plain filled with Tertiary and Quaternary
deposits as thick as 500 m. These Quaternary terraces contain loess, fluvial
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sands, and lake deposits of the middle Quaternary age (Katasonov and
Soloviev, 1969; Journaux and Dresch, 1972). The height of the Lena terraces is
several tens of meters, but can reach more than 100 m close to the Mammouth
moutains. The annual flood carries sediments and spreads them along the
lower terraces, submerged pools, and topographic depressions. The extreme
Yakutia climate favors an intense development of thermokarst, and may be
the most spectacular of the planet from its scale and its development
(Figure 11.2). In the intense cold of Yakutia, large amounts of ice are
incorporated into the accumulating alluvial deposits. Most of these terraces
are pitted with round to irregularly shaped pits of kilometer size, termed
alasses. They are formed when a large quantity of ground ice thaws (up to 80%
by volume) in permafrost. Alasses are characteristics of the thermal degrada-
tion stages of permafrost. Their subsequent thaw induces a lowering of the
ground surface with collapse and slumping.

The development of alasses are in close connection with the presence of
polygonals nets and wedges. When individual alasses join each other, the
lateral development of alass basins proceeds to form an alass valley which
constitutes the mature development of the thermokarst evolution.

On Mars, Acidalia and Utopia Planitiae received extraordinarily large
amounts of water and sediments from the Chryse and Elysium outflow
channels (Baker, 1982). That possibility supposes an outwash plain in Acidalia
and Utopia Planitiae with volatile rich sediments deposited directly
from outflow channels (Lucchitta and Ferguson, 1983). Under the periglacial
environment of Mars, discharge water at the mouth of most outflow channels
presumably froze to form pore ice or massive icy beds (Costard and Kargel,
1995). This is confirmed with the analysis of Viking and MOC images showing
a concentration of rampart craters as well as periglacial-like landforms
(Costard, 1989; Barlow and Bradley, 1990; Chapman, 1994).

At the mouth of Ares Vallis, the valley floor is noticeably characterized
by irregular hummocky topography and by a large number of interconnected
linear ridges that enclose pits (Figure 11.10). Many of these pits are irreg-
ular and they lack rims and ejecta. The scale and morphology and these
Martian pits are about the same as thermokarst in periglacial areas. In the
lower Ares Vallis, these pits were previously hypothesized to be thermokarstic
depressions by melting or sublimation of ground ice and subsequent collapse
of the surface (Costard and Baker, 2001). On Earth, these kinds of pits are
mostly found in periglacial areas where ground ice is widespread. These fea-
tures suggest the presence of ice-rich sediments with possible massive icy beds
in the subsurface Martian megaregolith. In Ares Vallis, intensive thermokarst
development seems to be associated with local widening of the channel.
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Figure 11.10. High resolution Viking image of interpreted thermokarst reach
on Ares Vallis (Mars). Viking image, NASA. Size: 100 km x 120 km.
Illumination from right.

Widening of the channel would be associated with decreased fluvial discharges
favoring deposition of an alluvial plain (Costard and Baker, 2001). For the
extremely cold conditions of Mars, processes related to ice and sediment
accumulation would have been likely, as observed in northern Siberia.

11.8 Conclusions

Ares Vallis and the Lena River are anabranching rivers with high width
to depth ratio channels. They are comparable in scale and exhibit the
same hydrodynamic characteristics (high and variable discharge rate, very
low longitudinal profile, sand-size materials). The comparison of several
fluvial variables (slope, specific stream power, width to depth ratio, number
of channels, bars and islands, sinuosity) between Siberian rivers and
Martian outflow channels reveals similarities which suggest that similar
processes have been active on both fluvial systems. Both hydrosystems
were or are associated with a periglacial environment characterized by a
deep and continuous permafrost. Flow regimes of Martian outflow channels
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would have been short and highly fluctuating, similar to those of Siberian
rivers. The presence of ground-ice and wide rivers observed both on Mars
and in Siberia suggests the occurrence of thermal erosion during the flooding
event.
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12.1 Introduction

The origin of fluvial valleys has been one of the great problems of science
ever since the debates in the eighteenth and early nineteenth centuries over
the role of cataclysmic events in the shaping of Earth’s valleys. The famous
founders of geology, including Hutton, Lyell, and Cuvier all participated
in these great debates. It can be argued that geology emerged as a science
because of the scientific reasoning that was applied to this problem
(Davies, 1969).

It was one of the great surprises of modern planetary science that fluvial
valleys were discovered on the planet Mars by study of the vidicon images
returned by the Mariner 9 spacecraft (Masursky, 1973). From the much more
extensive coverage of the Viking mission we know that the heavily cratered
Martian highlands are locally dissected by networks of tributary valleys with
widths of 10 km or less and lengths of a few kilometers to nearly 1000 km.
These valley networks are one major type of large elongate Martian troughs
thought to have fluvial origins (Baker, 1982).

In distinction from fluvial valleys, large outflow channels show extensive
evidence of large-scale fluid flow on their floors and walls (Baker et al.,
1992a), so technically speaking they are channels, rather than valleys. This
is a rather curious circumstance, since Earth experience leads us to suppose
that fluvial channels are invariably much smaller than fluvial valleys.
However, the Martian outflow channels may arise from the peculiar geological
history of Mars and its water endowment (Baker et al., 1991).

The Geology of Mars: Evidence from Earth-based Analogs, ed. Mary Chapman. Published by Cambridge
University Press. © Cambridge University Press 2007.
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Fretted terrain, not considered in this chapter, on the other hand,
contains extensive lineated valley fill, which probably reflects the role of ice
deformation of overlying debris (Squyres, 1989). New evidence from the
Mars Global Surveyor missions suggests that some of this morphology
may result from debris-covered glaciers (Baker, 2001).

Manifestations of fluvial valley or channel phenomena occur at least on two
planets, Earth and Mars (Komatsu and Baker, 1996a; Baker and Komatsu,
1999). In this chapter, we describe the morphology of valleys and channels
on Mars, compare them with terrestrial examples, and discuss implications
for the fluvial processes on the two planets.

12.2 Formation of Martian valleys
12.2.1 Comparisons of Martian valleys and terrestrial analogs

Nirgal Vallis (Figure 12.1a) illustrates the major morphological characteristics
of many Martian valley networks, including theater-like tributary heads,
prominent structural control, low junction angles, quasi-parallel patterns,
hanging tributary valleys, irregular widening and narrowing, and indistinct
terminal areas. Excellent terrestrial examples of valleys that resemble such
Martian valley networks occur in the Colorado Plateau (Laity and Malin,
1985), Hawaii (Kochel and Piper, 1986), and in the uplands of the Sahara
(Nicoll and Komatsu, 1999).

For example, extensive linear drainage patterns of Wadi Mareef in southern
Egypt (Figure 12.1b) have morphology strikingly similar to that of Nirgal
Vallis (Nicoll and Komatsu, 1999). Side valleys are not highly integrated
and upland dissection is limited in both systems. Field study indicates that
Wadi Mareef was a spring-fed stream that intermittently flowed during
the Cenozoic, which was dominantly an arid time period (Krépelin, 1993).
Along Wadi Mareef, carbonates were precipitated via discharge of ambient
waters emerging from springs. Petrographic examination of prepared thin
sections reveals no clear textural evidence for a hydrothermal origin of
the carbonate rocks, suggesting a shallow meteoric origin of the fossil-spring
waters. Though the Egyptian landscape has been dominantly hyperarid
over the past 2 million years (Nicoll, 1998), the region of Wadi Mareef
has effectively preserved the geomorphic evidence of rare rainfall and
streamflow events.

Sapping and runoff dissection processes played roles in the geomorphic
evolution of drainage networks in Egypt (Luo et al., 1997). The sapping
process involves the undermining of hillslopes or cliffs, thereby allowing
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Figure 12.1. Comparison of Nirgal Vallis on Mars ((a) MOC wide angle
images, MO0705584, MO0301844, MO0003118, MO0400786, M1901954,
MO0002227, and M0302291, mosaicing courtesy of Hanna Lahtela and Paul
Geissler) and Wadi Mareef in southern Egypt ((b) RADARSAT standard
mode R111135058G1S003).

upper portions of the slopes to collapse. The term derives from military engi-
neering, in which fortifications are breached by undermining and resultant
collapse. A variety of sapping is facilitated by the action of groundwater
(springs), generally at the heads of valleys that concentrate groundwater
flow, the action which promotes the extension of the valley in a headward
direction (Dunne, 1990). This process has been demonstrated experimentally
by Howard and McLane (1988).

Nanedi Valles system is one of several Martian valleys that were imaged
at high resolution with Mars Orbiter Camera (MOC) onboard the Mars
Global Surveyor. The MOC data set together with the Mars Orbiter Laser
Altimeter (MOLA) data provide great improvements over the Viking
imagery and topographic maps. Image resolution improved to a maximum
of ~1.5 m per pixel in MOC data, and vertically accuracy of topographic
maps improved to <10 m with MOLA data. Note that Nanedi’s meandering
paths (Figure 12.2) display a complex pattern of cutoff meanders and
paleochannels (Carr and Malin, 2000). This type of pattern is commonly
observed with terrestrial analogs. An excellent example is the Finke River
(Pickup et al., 1988) in arid central Australia, where dry-beds exhibit over-
lapping paleochannels (Figure 12.3). Patterns of paleochannels are often



300 Valleys and cataclysmic flood channels on Earth and Mars

W

Figure 12.2. At a low resolution, Nanedi Valles exhibit a typical valley
network morphology observed in the southern highlands of Mars (wide angle
MOC image E0501621). The high-resolution MOC image (narrow angle
MOC image AB108704) clearly indicates a complex history of Nanedi Valles
(white arrow indicates a paleochannel and black arrow indicates an inner
channel).

attributed to changes in discharge rate, climatic shift, and neotectonics,
implying that Mars also experienced such changes.

The fine-scale inner channel of Nanedi Valles (shown at the top of the high-
resolution frame in Figure 12.2) shows an example of underfitness. On Earth
underfitness develops when a valley has on its floor a stream, often mean-
dering, that seems to be small in regard to the meandering valley that it
presumably generated (Dury, 1964). This relationship implies a change of
flow conditions from the very large flows that generated the meandering
valley, to much smaller flows that produced the relatively small inner channel.

Integrated Martian valley networks (Figure 12.4), although relatively
limited in their occurrence, are particularly well developed on some geologic
units on Mars. On Earth, analogous patterns are observed in both arid and
humid regions, and their morphology generally implies surface runoff that
was caused by precipitation. Surface runoff is a possibility on Mars although
the mode of liquid water flowing on its surface is not well understood
(for example, ice- or snow-covered or not). The assumption of precipitation
may not easily apply to Mars where drainage density is relatively low and
there are wide spaces between drainage networks (Gulick, 2001). However, the
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Figure 12.3. (a) The Digital Elevation Model of Finke River in central
Australia derived from TOPSAR (Topographic Synthetic Aperture Radar)
data by using the radar interferometry technique (Kwoun et al., 1998).
Finke River exhibits an excellent example of paleochanncels overprinted
by the younger drainages. Black and white spots are areas of no data.
(b) Sketch map of Finke River showing ancient and modern drainage
systems.

improved image and topographic data set from recent missions are reveal-
ing more mature, integrated drainage systems than previously recognized,
strengthening the hypothesis of past precipitation on Mars (Hynek and
Phillips, 2003).

12.2.2 Proposed orvigin for Martian valleys

Current thinking on the origin of Martian valley networks is reviewed
by Gulick (2001). The general features described for many valley networks
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Figure 12.4. An example of integrated valley networks on Mars (Warrego
Valles; Wide angle MOC image M0803364). The high-resolution MOC image
(narrow angle MOC image M0803363) shows details of a valley segment of
Warrego Valles.

including Nirgal Vallis (see Section 12.2.1) were recognized very soon after
discovery (Pieri, 1980), and we generally ascribe the whole assemblage to
an origin by groundwater sapping processes (Baker et al., 1990). Although
groundwater sapping processes are generally accepted as the primary
formation mechanism for Martian valleys, surface runoff also appears
to have played a role as implied from integrated Martian valley networks.
Furthermore, drainage patterns of valleys such as Nanedi Valles indicate
complex evolutional paths. Questions regarding the origin of Martian valley
networks still remain. The clustered nature of the valleys is associated
with incomplete dissection of upland areas and a lack of fine-scale tributaries
at the very high-resolution scale of the MOC images (Carr and Malin, 2000).
Explanations for these relationships remain rather contentious. Probable
high infiltration capacities of the Martian surfaces (Baker and Partridge,
1986), burial of small-scale features beneath mantling deposits, lack
of precipitation (Carr and Malin, 2000), and local hydrothermal/snowmelt
processes (Gulick, 2001) are all possibilities.
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The role of precipitation in Martian valley formation has been particu-
larly controversial. There remain many questions regarding precipitation
on Mars: (a) whether or not the precipitation scenario is completely ruled
out, (b) if precipitation occurred locally and temporarily or not, and (c¢) if
other factors such as lithology contributed to the low drainage density and
sparse distribution of the valleys. The solutions to all these questions require
further research, and they should be consistent with various aspects of
valleys such as latitudinal dependency of sizes (Williams and Phillips, 2001).
The planetary analog question is complicated by the fact that there is
no place on Earth where precipitation has not occurred, at least during the
last few thousands of years. Even in the hyperarid lands such as the Absolute
Desert of the Atacama and the Western Desert in Egypt, relict landforms
preserve evidence of a past wetter climate. There is no example of terrestrial
valleys formed only by hydrothermally recycled water. This makes assessment
of the Martian valleys in comparison to hypothesized non-precipitation
environments especially difficult.

Phillips et al. (2001) showed that many valley networks have orientations
consistent with the effects of surface deformation caused by the rapid volcanic
loading of the Tharsis region in late Noachian time (the heavy bombardment
period for Mars). The networks also seem to show evidence of extensive
erosion during the late Noachian (Hynek and Phillips, 2001). While the
association of most networks with the heavily cratered terrains of Mars has
been used to argue for great age (Carr and Clow, 1981), there are numerous
younger valley networks that postdate the heavy bombardment period
(Scott et al., 1995). Gulick and Baker (1989, 1990) documented extensive
young valley development on Martian volcanoes, implying hydrological
processes on Mars continued to late in Mars history.

Comparisons to Earth valleys suggest that erosion has been rather
limited on Mars. The low-order mainstream valleys often have relatively flat
longitudinal profiles, in contrast to the pronounced concave up profiles
of typical terrestrial river valleys (Aharonson et al., 2001). Such profiles may
form by sapping processes, as argued by Luo (2002), but they may also be
connected to immature dissection processes, or the spilling of lakes in the
headwaters of drainages. The latter may have been significant for some
Martian valleys (Irwin et al., 2002), especially given the abundant evidence
for crater lakes in the Martian highlands (Cabrol and Grin, 1999).

Despite the limited valley dissection and abundant evidence for sapping
morphologies, there are strong arguments for extensive degradation very
early in Martian history. There is good reason to believe that the erosion
was fluvial, and promoted by rainfall (Craddock and Howard, 2002).
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12.2.3 Recent debris-flow gullies

Perhaps the most striking discovery from the very high-resolution MOC
images is that of relatively small debris-flow gullies (see Chapter 10),
some of which dissect the walls of larger network valleys (see Figure 10.1 in
Chapter 10). These were initially explained as the result of groundwater
seepage and subsequent surface runoff (Malin and Edgett, 2000). However,
they have morphologies that are common in many terrestrial periglacial and
desert environments. On Earth such debris flows occur when soil water
becomes saturated in the debris fill of hillslope troughs following very heavy
rains, snowmelt, or the melting of ground ice in permafrost areas.
Remarkably, the Martian debris-flow gullies are superimposed on extensive
uncratered surfaces of sand dunes and contraction-crack polygons. The
activity seems to have been very recent, within the last few million years.
The orbital effect, particularly of high obliquity on the seepage or melting
processes, has been proposed by various investigators (e.g., Costard et al.,
2002; Mellon and Phillips, 2002). Christensen (2003) hypothesized that
the gullies are the result of melting of water-rich snow that has been trans-
ported from the poles to mid-latitudes during periods of high obliquity
within the past 10° to 10° years. The implication of very recent water-related
activity on Mars (Baker, 2001) forces rethinking of Martian atmospheric
models, and, for example, the hypothesis of recent ice ages has emerged
(Head et al., 2003).

12.2.4 Reconstruction of Mars paleoclimate using valley landforms:
potentials and problems

One of the most interesting and extensively debated topics in Mars
geology is the paleoclimate and the role of water. Dry river beds discovered
by Mariner 9 images were striking, and many hypotheses regarding the
climate of early Mars were proposed. Unlike Earth, however, there are limited
types and amounts of data for the study of paleoclimate. Because most
proxy data such as oxygen isotopes and tree rings do not exist for Mars,
there must be a heavy reliance on landforms for the reconstruction of paleo-
environments. For example, the morphologies of Martian valley networks
were studied to infer their origins and hence climatic conditions at the time
of formation. However, we caution about the use of this approach since
problems exist, including (1) the neglect of various non-climatic factors
that contribute to valley formation, (2) oversimplification of individual
valley history and regional climatic variability, and (3) poorly known ages
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for the valleys. The link between landforms and climate is not simple, and
Mars is not an exception in this regard. Although some of the above
problems can be dealt with by examining a wide range of landforms and
their relationships to each other, reality is always more complex. At this
stage of Mars research, we have very limited information with which to
investigate past climatic conditions. Hence climatic modeling efforts to
reproduce precisely the conditions inferred from landforms could be both
non-productive and misleading. The modeling can still be insightful, however,
if focused on basic climatic processes and on alternative paleoclimatic
scenarios for Mars.

12.3 Cataclysmic flood channels on Mars and Earth
12.3.1 Outflow channels on Mars

Martian outflow channels are large-scale complexes of fluid-eroded troughs
(Baker and Milton, 1974; Baker, 1978, 1982; Mars Channel Working Group,
1983). The flows which formed these channels appear to have emanated
from discrete collapse zones known as chaotic terrain. A wide variety of
flood initiation mechanisms have been proposed including outbursts of
overpressured aquifers (Carr, 1979), decomposition of clathrate (Milton,
1974), by breakout of a high-pressure gas—water mixture derived from
decomposed gas hydrates (Komatsu et al., 2000a), explosive vaporization
of liquid CO, (Hoffman, 2000), and induced by sub-ice volcanic eruptions
(Chapman et al., 2003). The channels are immense by terrestrial standards,
as much as 200 km wide and 2000 km in length. Residual uplands separating
channels and partially to fully streamlined upland remnants are common
in outflow channels (Figure 12.5). The morphology such as extensive grooved
channel floors (Figure 12.6) and scale of the outflow channels clearly indicates
genesis by fluid flows of immense magnitude. It is most likely that outflow
channels were carved by catastrophic water floods (Baker, 1982) although
formation by other fluids such as glaciers (Lucchitta, 1982) and mass flows
(Tanaka, 1997) has been proposed. Also secondary modifications by
periglacial processes (Costard and Kargel, 1995; Costard and Baker, 2001)
and wind are possible. Paleodischarges for selected channels have been
estimated using the standard Chezy and Manning equations appropriately
modified for Mars gravity (e.g., Komar, 1979; Baker, 1982; Robinson
and Tanaka, 1990; De Hon and Pani, 1993; Komatsu and Baker, 1997a;
Chapman et al., 2003). Results (some estimates are tabulated for compar-
ison in Table 12.1) indicate that paleodischarges may have been ten to
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Figure 12.5. MOC image (MGS MOC Release No. MOC2-240) of debris
flow gullies in the wall of Nirgal Vallis. NASA/JPL/Malin Space
Science Systems. Viking mosaic (Mars Global Digital Image Mosaic 2.0)
showing where outflow channels spread out in Chryse Planitia. This area is
characterized by numerous erosional uplands, some of which are streamlined
and scoured (narrow angle MOC image E1700745). The Mars Pathfinder
landing site (star) in the outwash plain of Ares Vallis and Tiu Vallis is
also shown.

one hundred times greater than the known biggest prehistoric floods on
Earth (Baker, 1982).

Landing of the Mars Pathfinder in Chryse Planitia in 1997 was the first
opportunity to see a flood landscape on the ground as the landing site
was chosen to be in the outwash plain linked with circum-Chryse outflow
channels, Ares Vallis and Tiu Vallis (Figure 12.6). Pre-mission predictions
(e.g., Komatsu and Baker, 1997a; Rice and Edgett, 1997) stated flood-carved
topography and the presence of large boulders. Despite the fact that
accumulation of eolian sediments was prevalent, this situation was clearly
visible (Smith et al., 1997). The landing site images show boulders’ imbricate
(overlapping in a regular pattern) arrangements indicating deposition by
high-power flood streams, and hills that may have been shaped also by
such floods (Figure 12.7). We caution that alternative hypotheses regarding
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Figure 12.6. Viking mosaic (Mars Global Digital Image Mosaic 2.0) showing
northern and southern channels of Kasei Valles. Extensive grooves on the
floors of Kasei Valles were formed by flood erosion and/or deposition
(narrow angle MOC image E1002538).

the origin of the channel and local view of the Mars Pathfinder landing
site exist. These landforms may have resulted from a combination of flood,
mass flow, and/or glacial-like, and eolian processes (e.g., Chapman and
Kargel, 1999).

Cataclysmic flood channels do not always originate from chaotic terrain.
For example, an outflow channel Mangala Vallis originates from Memnonia
Fossae, an extensive fracture system of Tharsis. Other fracture-originated
outflow channels occur in the Cerberus plains area (Burr et al., 2002).
Furthermore, Elaver Vallis south of Gangis Chasma originated as spillover
channel from an ancient carter lake basin (Coleman ez al., 2003; Komatsu
et al., 2003).

Great outflow channels are, in general, Hesperian in age (Carr, 1995).
However, outflow channels of very young ages have been identified recently.
For example, Athabasca Valles that originates from Cerberus Fossae
may have formed geologically very recently (2—8 Ma) based on crater
counting (Burr er al., 2002). Therefore, as in the case of Martian valleys,
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Figure 12.7. A panorama of the Mars Pathfinder landing site. See Figure 12.5
for its location. Twin peaks at the distance may be erosional remnants of
preexisting bedrocks, left by a flood of great scale. Some boulders in the
foreground show imbricate arrangement, implying flood deposition. We note
that other processes such as mass flow and glacier cannot be ruled out as
processes responsible for these observations. NASA/JPL.
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Figure 12.8. This Landsat MSS (Multi-Spectral Scanner) image covers
the main reaches of the Channeled Scabland, showing a complex of
anastomosing channels. Locations of Figure 12.9a (black frame) and
Figure 12.9b (white frame) are indicated.
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outflow channels also strongly imply continued hydrological activity late
in Mars history.

We note that a model of carbon dioxide processes has emerged
(Musselwhite et al., 2001) in order to avoid the environmental change implied
by liquid water (Hoffman, 2000). Were this model to be verified, it would
be a rather amazing discovery. It would mean that various carbon dioxide
processes are capable of producing rather detailed copies of what on Earth
is readily recognized as resulting from the long-term effects of water and ice.
Specific problems with the model are discussed by Coleman (2003).

12.3.2 Terrestrial analogs for the outflow channels

The presence of terrestrial analogs was essential in revealing formation
mechanisms of the outflow channels (e.g., Baker, 1978). The most famous
and important analog is the Channeled Scabland (Figure 12.8) of the
northwestern United States (Baker and Nummedal, 1978). However, thanks
to discoveries of new cataclysmic flood features in northern Eurasia
(e.g., Baker et al., 1993; Komatsu et al., 1997c¢), it is increasingly becoming
clear that cataclysmic flood processes were a rather common phenomenon
during the Ice Age Earth. And these new examples can also greatly contribute
to our understanding of outflow channels on Mars. The origins of terrestrial
cataclysmic floods include the failures of glacier-dammed lakes, spillovers
of lake water, and possibly subglacial outbursts. The wide range of
erosional and depositional landforms produced by such high-energy events
(Figures 12.9a and b, 12.10a—d, and 12.11a—d) are useful in identifying
Martian features formed by similar catastrophic processes.

The Channeled Scabland consists of a spectacular complex of anastomosing
channels (Figure 12.9a), cataracts (Figures 12.9b and 12.10c), streamlined
loess ““islands” (Figure 12.10a), scabland landscape (Figure 12.10b), longi-
tudinal grooves (Figure 12.10c), and immense gravel bars created by the
catastrophic fluvial erosion of the loess and basalt of the Columbia Plateau
(Baker, 1973, 1978). Large boulders deposited in the Ephrata Fan testify for
the energy of the flood swept through the area (Figure 12.11a). Slackwater
deposits (Figure 12.11b) formed in the stagnant water regime during the
flooding (Baker and Bunker, 1985), but their rhythmite stratification has been
a source of a considerable debate regarding the scale and frequency of the
floods (Waitt, 1984; Baker and Bunker, 1985; Shaw et al., 1999; Atwater et al.,
2000). The source of the flooding is considered to be the glacier-dammed
Lake Missoula and the breakout appears to have occurred repetitively during
the late Pleistocene. The resulting peak discharge (Table 12.1) was as great
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Figure 12.9. (a) Anastomosing channels and streamlined loess ‘‘islands”
(arrows). Cheney Palouse Scabland tract. (b) Flood-scoured channels
and a cataract complex. Grand Coulee. Both images are Landsat MSS
(Multi-Spectral Scanner) images.
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Figure 12.10. Erosional flood geomorphology. (a) Streamlined loess
“island.” The Channeled Scabland, Washington, USA. (b) Scabland land-
scape. Along the Lower Grand Coulee near Lake Lenore (Figure 12.9b),
Washington, USA. (c) Longitudinal grooves and a cataract complex,
Grand Coulee, Washington, USA. (d) Incision into a bedrock (terrace in
the foreground), Porcupine River, Alaska, USA.
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Figure 12.11. Depositional flood geomorphology. (a) Boulder field (black
dots). Size of these boulders ranges up to about 20 m. Near Rocky Ford Creek
Fish Hatchery, Washington, USA. (b) Slackwater deposit at Burlingame
Canyon, Washington, USA. (¢) “Giant current ripples” (diluvial dunes),
Kuray Basin, Altai, Russia. Photo by A.N. Rudoy. (d) Diluvial terrace (giant
bar), Katun valley at the mouth of the Little Yeloman River valley, Altai,
Russia. Photo by A.N. Rudoy.

as 17 x 10° m*/s (O’Connor and Baker, 1992). Recently, Shaw et al. (1999)
proposed subglacial outburst as another mode for the formation of the
Channeled Scabland, adding further complexity to the story of cataclysmic
flooding (Atwater et al., 2000; Komatsu et al., 2000b).

Smaller, but still significant cataclysmic flood features exist in North
America including Lake Bonneville spillover flood landforms (O’Connor,
1993) and flood eroded terrain along the Porcupine River in northern
Alaska (Thorson, 1989). The estimated peak discharge rates (Table 12.1) for
the Lake Bonneville flood is about 10° m?/s (O’Connor, 1993) and that
for the Porcupine flood is approximately 0.134 x 10° m?/s (Thorson, 1989).
The hydraulic forces associated with this range of discharge rates were
powerful enough to cause deep incision in bedrock (Figure 12.10d).

Baker et al. (1993) studied flood features in the Altai Mountains and
concluded that water levels had to exceed 1900 m in order to explain some
landforms in some constricted reaches, and the peak discharge may have
exceeded 18 x 10° m?/s, which is the largest known on Earth. In particular,
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a suite of cataclysmic flood morphologies and sediments distributed in the
Altai Mountains (Rudoy and Baker, 1993; Rudoy, 2002) is important for
the comparison with those in the Channeled Scabland and also on Mars.
The flood sediments include a wide variety, including ‘‘giant current
ripples” (diluvial dunes) (Figure 12.11c) and diluvial terraces (or giant bars)
(Figure 12.11d).

A remarkable paleohydrological pattern is developed in the great
system of Pleistocene spillways connecting the Black, Caspian, and Aral Sea
basins (Komatsu and Baker, 1996b). Expansion of the paleolakes occupying
these basins in the Pleistocene might be attributed to progressive changes
in water-balance parameters, including temperature, precipitation, runoff,
and evaporation. This explanation is emphasized by Chepalyga (1984).
Nevertheless, evidence for cataclysmic flood erosion in the spillways indicates
that very rapid, massive influxes of water played a major role in their origin.
One mechanism for achieving this is diversion of the north-flowing West
Siberian rivers by ice. In one reconstruction of the late Pleistocene Eurasian
ice sheets, Grosswald (1980) envisions spectacular damming of the great
north-flowing Siberian rivers with associated spillovers and drainage
diversions. An alternative reconstruction involves much less ponding and
diversion (Velichko et al., 1984), but incomplete field mapping and
geochronology precludes scientific preference for either of these hypothetical
alternatives.

The great Mansi paleolake was generated south of the Kara dome,
inundating much of the West Siberian plain (Grosswald, 1993). The Turgai
Hollow leads southward from the Mansi paleolake basin to the Aral Sea basin.
Fluvial and lake sediments in the Turgai spillway document the conveyance
of flows southward during the latest Pleistocene (Astakhov and Grosswald,
1978). The paleodischarges then entered the Aral Sea basin, which also
received cataclysmic flood from the Issyk-Kul region. At its late-glacial
highstand, the Aral paleolake had the Uzboi spillway entering the paleo-
Caspian. The Manych channel that connects paleo-Caspian Sea and the
Black Sea basin displays a suite of landforms characteristic of cataclysmic
flooding (Figure 12.12): streamlined hills, elongate depressions (now lakes),
and scabland erosion (Komatsu ez al., 1997c). The immense channel width
(may reach 45 km) further indicates the great scale of the paleoflow. Using
a flow velocity of 10 m/s, required for bedrock scabland erosion of this
type (Baker and Costa, 1987), the estimated maximum flood discharge
(Table 12.1) is 10 x 10° m?/s (Komatsu and Baker, 1996b), which is com-
parable to that of ice-dammed lake outbursts like those of glacial Lake
Missoula (O’Connor and Baker, 1992).
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Figure 12.12. Manych spillway that connects paleo-Caspian Sea and the
Black Sea basin displays a suite of cataclysmic flood landforms as shown
in this Landsat MSS (Multi-Spectral Scanner) image. Inset shows locations
of spillways connecting ice age paleoseas (patterned areas) in central Asia.

12.3.3 Scaling of cataclysmic floods and its implications

Peak discharge rates for the cataclysmic floods have been estimated by several
researchers, employing different methods (Table 12.1). The estimation of
discharge rates is not always straightforward, considering that it depends
on the accuracy of the topographic data, selection of the channel segment
and high-water marks, and the calculation method used. For example,
the peak discharge could have been greater than 10° m?/s for the Kasei
Valles, one of the greatest outflow channel system on Mars (Robinson and
Tanaka, 1990). However, selection of lower high-water marks and the
resulting smaller cross-sectional area leads to a very conservative estimate
of 8 x 10*=2 x 10" m?/s (Williams er al., 2000). A discharge estimate for
Ares Vallis by using the Viking topographic map with a large error margin
(Komatsu and Baker, 1997a) may have led to an order of magnitude
lower value (570 x 10° m?/s) than the number (5000 x 10° m?/s) calculated
from a newly acquired, improved MOLA topographic profile (Smith et al.,
1997).

Despite all these problems in flood hydraulic computation, differences
in the calculated discharges are attributable predominantly to the scale of the
channels. The natural ranges of other factors, such as slope, friction factor,
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and gravity (terrestrial vs. Martian), are relatively small in comparison, and
they do not account for major differences in the calculated discharges.
The results indicate that, even at the immense scale of Martian outflow
channels, channels are adjusted to the scale of cataclysmic fluid flows
in a regular pattern of adjustment. Relatively limited study has been conducted
on flood sediments on Mars since at present we lack a definitive method of
identifying such sediments by orbital observations. Nonetheless, theoretical
studies indicate that sediment transport should be more effective on Mars
than on Earth because of the difference in gravity (e.g., Komar, 1980).
More importantly, the great scales of the Martian outflow channels strongly
imply enormous sediment loads that must have been deposited in vast
outwash plains.

In addition to the discharge rate, other factors governing outflow channel
development on Mars are important in understanding the evolution of
these channels. Such factors include the role of tectonics and magmatism,
aquifer characteristics, and how the climatic conditions changed with time.
All of them have the capacity to influence the formation of outflow channels,
but they are poorly constrained. Therefore they are the topics that warrant
further investigation.

Hesperian and Amazonian-age cataclysmic flooding on Mars was a global
phenomenon that has been hypothesized to have caused temporal climate
change on the planet (Baker et al., 1991). The cataclysmic flood events
discussed in our study of Eurasia were more localized in their scales, but
they may still have had a tremendous impact on the regional landscape and
ecosystem. Comparative studies of Martian and terrestrial cataclysmic
floods, therefore, could prompt us to think their great influences on
environment.

12.4 Conclusions

Martian valley networks, in general, have characteristics that are generally
ascribed to an origin by groundwater sapping processes, but other hypoth-
eses have also been proposed. Excellent terrestrial examples of valley evolution
by groundwater sapping are known in the Colorado Plateau, Hawaii, and
in the uplands of the Sahara. New high-resolution images acquired by the
Mars Global Surveyor show detailed morphologic characteristics never
revealed before. They include paleochannels indicative of complex drainage
history, and very young relatively small debris-flow gullies. Terrestrial analogs
for these features provide insights into processes operating on Mars.
Furthermore, because such processes strongly imply certain environmental
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conditions, their study can deepen our understanding of climatic history
of Mars.

Martian outflow channels are gigantic systems of fluid-eroded troughs and
they were probably formed by floods of catastrophic scales. Many of them
formed by outburst of subsurface water as evidenced by their sources
in chaotic terrain and fracture systems. However, spillover of lake basins
also appears to have occurred. The outbursts of the Pleistocene Glacial Lake
Missoula in the northwestern United States provide good examples of
geological processes operating catastrophically. The landforms include
streamlined hills, “giant current ripples” (diluvial dunes), and rugged scoured
terrains. Recent works on the Eurasian Continent have identified new
catastrophic flood features in Siberia and central Asia. These floods originated
by catastrophic failure of glacier-dammed lakes, or by spillover of lakes
expanded by environmental changes or lakes situated in large proglacial
basins. Although the scales of flooding on Mars were, in general, at least an
order of magnitude greater than those of terrestrial catastrophic floods, the
study of Earth examples is essential in revealing processes of cataclysmic
flooding on Mars.

Clearly the origin of valleys and channels continues to be a controversial
question in science. We are fortunate in this mystery to have the manifesta-
tions of fluvial phenomena on two planets, and possibly fluvial-like valleys
and channels on a third, Venus (Baker et al., 1992b; Komatsu et al., 1993,
2001) and in addition on a satellite of Saturn, Titan. Let us hope that reason-
ing in geology can be similarly advanced in the new controversy over valleys,
as it was in the debates of 200 years ago.
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13.1 Introduction

Playas (dry lakes) are a type of lacustrine system that are dry most of the
time, and can be flooded only occasionally. A playa environment, despite
its dry conditions, is characterized by an active hydrological cycle. This
is evidenced by a wide range of hydrogeological processes operating today
or in the recent past. Therefore, playas are a fundamentally different
environment from dry desiccated deserts, and identification of playas on
Mars has significant implications for the planet’s hydroclimatic history.

Mars currently is dominated by a hyperarid environment. Today, water
appears to exist abundantly in the Martian polar caps, and also in the
surrounding high-latitude regions, but as near-surface ice (Boynton et al.,
2002), not liquid water. Whether or not there are localities with recent
active hydrogeological processes is uncertain. However, there may have
been sites of stable lakes (deep-water lakes) in the past. Such sites would
have changed to playa environments, owing to the decline in the water
budget, and eventually desiccated completely. Photogeologic surveys have
identified possible paleoshorelines in the northern plains (Parker et al.,
1989) and crater lakes (Cabrol and Grin, 1999; Ori et al., 2000a; Malin
and Edgett, 2003). If these features are in fact paleoshorelines, it would
necessarily imply that conditions suitable for stable oceans and lakes must
have existed at some point in Mars’ history. Ice-covered paleolakes could
have also existed, and their shoreline geomorphology could differ from that
of paleolakes without ice cover.

The Geology of Mars. Evidence from Earth-based Analogs, ed. Mary Chapman. Published by Cambridge
University Press. © Cambridge University Press 2007.
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In the terrestrial playa environment, a wide range of sedimentary deposits
is observed. They include clastic sediments supplied by drainages during
flood inundation, and those made of precipitated minerals such as evaporites.
A crucial tool in identifying sedimentary deposits on Mars is remote sensing
from orbit. Data acquired by remote sensing can help identify candidate
sites where future landed missions will study in detail the history of water
and sedimentation. Sedimentary deposits (particularly of aqueous origin)
on Mars, if they indeed exist, would have great value to the field of exo-
biology because sedimentary deposits on Earth are often derived from bio-
logical processes or preserve biological materials (Komatsu and Ori, 2000).
Therefore, identifying sedimentary deposits on Mars is a high priority for
future exploration. Regarding exobiological implications, high-altitude lakes
in the Andes and their habitats, environments that may be compared to those
during periods of enhanced hydrological processes and sedimentation on
Mars, are discussed by Cabrol et al. (Chapter 14).

In this chapter, we discuss three important elements of playa environ-
ment research: geological processes operating in playas, evidence of ancient
deep-water lakes, and remote sensing identification of evaporite deposits
in playa environments. For this purpose, we introduce three instructive
examples of playa environments where we have conducted field studies: Chott
el Jerid and Chott el Rharsa in Tunisia; Tsagaan Nuur in the Valley of Lakes,
Mongolia; and Badwater Basin, Death Valley, USA.

13.2 Depositional and erosional processes of playa: Chott el Jerid
and Chott el Rharsa, Tunisia

13.2.1 Playas of southern Tunisia

Playas of southern Tunisia are ideal sites for comparison with their possible
counterparts on Mars. This is because characteristic elements of playa
depositional processes including evaporitic and eolian sedimentation are
observable there. In addition, hydrological processes of the playas such
as flooding and groundwater circulation are still active today, allowing
deeper assessment and understanding of the role water might have played
in terrestrial and Martian playa environments.

The easternmost portion of the Atlas Mountain verges southward
on the Sahara, forming a set of mainly east—west trending gentle folds.
Several depressions (sub-basins) lie within the mountain range and many
of them are occupied by sebkha systems (sebkha: playa in Arabic) (Swezey,
1996). Three major playa systems characterize the border of the Tunisian
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Figure 13.1. Location map of the chotts in southern Tunisia. LANDSAT
ETM™ image (panchromatic band).

Sahara: Chott el Jerid, Chott el Rharsa, and Chott el Fedjadj (chott: closed
depression in Arabic; Figure 13.1). Chott el Rharsa and el Fedjad] rest on top
of the most external thrust-sheets of the Atlas range and are limited by
partially eroded anticlines. Oued el Melah (oued: river in Arabic) debouches
into Chott el Rharsa, a large depression between thrusts (Figure 13.2). Chott
el Jerid, instead, lies on the proximal portion of the foredeep of the
Atlas mountain chain and is bordered by a low-elevation mountain chain,
Jebel Zmertene, to the east. Therefore, the chotts are the latest expression
of a long tectonic history and they characterize the upper portion of thick
sedimentary sequences deposited during the southward migration of the
Atlas chain against the Sahara platform. The results of our investigation
of the chott system in southern Tunisia are summarized in the field
guidebook titled Exploring Mars Surface and its Terrestrial Analogues
(Ori et al., 2001).

The chotts in southern Tunisia have experienced significant climatic
fluctuations, which have affected the Sahara and the adjoining zones
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Figure 13.2. Digital Terrain Model (DTM) of the Chott el Rharsa basin

obtained by ASTER stereo data and draped by a LANDSAT ETM ' mosaic
(panchromatic band).

(Gasse, 2002). The result is a series of intricate patterns of eolian, fluvial,
“dry,” and “wet” lake deposits. During the late Quaternary, eolian deposition
was active from 12000 to 10000 years Bp, and from 7500 to 5500 years
BP (Swezey, 1997). Lacustrine sedimentation linked to perennial or semi-
perennial lakes was active before the Holocene and sometimes around 9000
years BP (Gasse and Van Campo, 1994; Swezey, 1997). Evaporitic deposits
formed throughout the Holocene, except for during the “wet” lacustrine
episode, when mainly clays were deposited. Holocene evaporitic deposits
that are exposed at the borders of Chott el Rharsa (Figure 13.3), consist mostly
of fragments of selenitic gypsum, microcrystalline gypsum, and microcrystal-
line carbonate (Barbieri, 2001). These deposits represent, probably, margins
of sebkhas during “dry” periods with authigenic (formed or produced in
place rather than having been transported and deposited) sedimentation and
eolian reworking. Figure 13.3 shows an example of post-flood deposit with
evaporitic crust covering Chott el Jerid. Dark spots enriched in organic
material can be easily recognized.
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halite crust

Figure 13.3. Examples of chott’s deposits. (a) Sequences of selenitic and
microcrystalline gypsum and salt-rich mud forming the top of a low-elevation
plateau along the southern border of Chott el Rharsa. (b) Muddy deposit with
a salt crust formed after a large flooding event in Chott el Jerid. Enrichment
of organic material formed dark and sometimes fetid agglomerates.

13.2.2 Eolian environment

In present times, the Tunisian chotts are bordered by extensive sand
sheets. The sand sheet areas mainly consist of flat surfaces with accumula-
tion of sand near obstacles and vegetation (Figure 13.4). Dome-shaped
dunes and barchans are scattered throughout the sand sheets. Among the
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Figure 13.4. Eolian deposits around Chott el Rharsa. (a) Recent eolian
deposits formed against bushes after a 2-day dust storm in Chott el Rharsa
(road El Hamma—Chebika). (b) Fossil dunes that are highly eroded along the
southwest border of Chott el Rharsa.

sand sheet deposits, a large number of fossil dune deposits occur
(Figure 13.4). These fossil dunes have been shaped by wind activity, resulting
in yardangs or other eolian erosional landforms. The change of eolian
deposit patterns could be due to dryer environmental conditions, but
changes in wind regimes can also be the cause. The chotts have been
deflation areas. Wind-blown sand is entrapped in the sebkha deposits, but
there is not enough detritus to form a sand layer. The processes of eolian
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deposition and deflation persisted in the same locations respectively
throughout the Holocene despite the dramatic climate changes that affected
the region.

13.2.3 Fluvial environment

Oued el Melah is an ephemeral stream that flows along the axis of a piggy-
back (or thrust sheet top) basin that rests between the main mountain chain
and a set of external splays. This stream forms a terminal fan where it
debouches into Chott el Rharsa (Figure 13.2). Terminal fans are produced
by ephemeral streams, and they are affected by a tremendous loss of water
due to evaporation and infiltration. The effect of this process is the loss
of sediment transport capacity, with a consequent increase of sedimentary
deposition, resulting in channel divergence and an intricate pattern of
shallow, distributary channels. Farther downstream, the channels fade
out by spreading their water over a large unchanneled flat area (mud flat)
that merges into the sebkha. Therefore, ephemeral streams contribute to
the sedimentation in the chott by depositing a large amount of mud
at the chott border, and in the terminal fan areas.

Alluvial fans are another major component of the fluvial—sebkha
systems. In Chott el Rharsa, two types of fluvial apparatus coexist: (1) large
fans connected directly with the mountain chain and (2) minor localized
fans draining at terraced areas of the chott or at the external anticlines
(Figure 13.2). The first case is represented by an alluvial fan formed by
Oued Sendess that drains from the Atlas Mountains. The fan is 10 km in
radius and consists of poorly to moderately sorted gravels (up to cobble size).
The deposition occurs during major flooding events that involve excep-
tionally large water discharges. According to the gravel facies, the mechanism
of deposition ranges from grain flow to highly concentrated turbulent flow.
Alluvial fans of the second type are less than 1 km in radius and are made
of locally reworked sediments.

13.2.4 The chott surface

The central parts of both Chott el Jerid and Chott el Rharsa are flat
and the surfaces are represented by mud entrapping eolian sands and
authigenic evaporitic minerals. Figure 13.5 shows this type of surface with
large cracks deforming the salt crust. This kind of morphology is usually
observed in halite surfaces. The sedimentation in these areas depends on
two different processes. The first one occurs in the subsurface and consists
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Figure 13.5. Surface textures of chotts. (a) Tepee-shaped cracks in a halite
crust (Chott el Jerid). (b) Mud cracks in Chott el Rharsa. (¢) Recent mud
deposits covering old desiccation cracks in the terminal fan area at the border
of Chott el Rharsa.

of the deposition of salts, mostly gypsum, by evaporation of water con-
tained in rock or sediment pores and ascent of brine into the drying layer.
This process is called evaporitic pumping. Gypsum is present extensively,
and it has its source in Mesozoic to Cenozoic marine evaporite deposits
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underlying the chott. Halite and carnallite (KMgCl;-6H,0) are other minerals
that form in the near surface.

The second type of sedimentation is related to flooding of chotts by rain-
water several times per decade. During these pluvial events, the water table
moves up and the chott becomes covered by water. Surface crusts of halite
and other highly soluble salts are commonly dissolved, and mud is deposited
mechanically in this condition. The present mean annual precipitation in
the chott area of southern Tunisia is about 80 to 140 mm. But the evaporation
rate is about 1500 mm, far exceeding the precipitation. A large quantity of
new evaporite minerals and re-precipitated salts is formed after major
flooding events. Halite precipitates mainly and gypsum may be a minor
component. This dominance of halite is due to the far greater solubility of
halite than gypsum. The results of these depositional processes is a flat
surface dominated by mud, which is covered at places by halite and, possibly
other minerals such as gypsum, usually in the form of selenite. Below the
surface, dark and sometimes fetid organic-rich agglomerates are extensively
present (Figure 13.3). This is a product of bacterial activity that occurs in
the shallow subsurface where moisture is retained.

The nature of chott surfaces at their margins depends on the surround-
ing environment. In proximity of terminal fans or alluvial fans, the surface
is flat or slightly inclined, and composed of mud (Figures 13.5b and 13.5c¢).
In the vicinity of sand sheets, chott deposits are covered by a thin veneer
of wind-blown sand.

13.2.5 Spring mounds

In the southeast margin of Chott el Jerid, several mounds are scattered
in irregular patches or along lineaments. These mounds are formed by the
rise of water from a deep aquifer in primarily Cretaceous rocks, and their
formation occurred during the Quaternary pluvial period. They are in the
form of ridges, towers, pinnacles, and conical hills with or without central
cones. Their heights reach from less than 1 m up to over 30 m and their
diameters can be up to 500 m. Most consist of sand and silt size particles
cemented by varying amounts of tufa, travertine, and gypsum (Roberts
and Mitchell, 1987). Many mounds show a depression where a spring
pool was present. Several channels are present around the mounds. They
probably acted as drainage channels. Dead palm trees rest on top of the
mounds (Figure 13.6). Their presence suggests that these spring mounds
are no longer active due to the human exploitation of the water reservoir.
Radiocarbon analyses date some mounds as far back as 20000 years BP
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Figure 13.6. A spring mound on the southeast border of Chott el Jerid.

(Swezey, 1997). However, many mounds have been active during
historical time.

13.2.6 Implications of chott environment for Mars

The surfaces of chotts in southern Tunisia are remarkably uniform due to the
extensive presence of mud flats. Most authigenic minerals remain in the
subsurface, but surficial zoning of evaporitic minerals due to sequential
crystallization (see Section 13.4.1) can be detected by remote sensing
(Drake et al., 1994). On Mars, alternating light- and dark-toned, banded
outcrops are observed locally in topographic depressions. For example,
in Holden Crater (Malin and Edgett, 2000) the crater floor is interpreted
as an evaporite basin (Ori et al., 2000b). If these sequences are indeed
evaporites, it is in accordance with the observations made at the Tunisian
chotts where most of the evaporitic minerals occur in exposed cliffs. In the
Tunisian chotts, the evaporitic minerals are often hidden by the coupled
action of stream floods and wind-blown sand. On Mars, this effect can be
completely due to the wind-blown detritus that is present in large amounts
on the planet. Continuous eolian processes operating on playa surfaces
may be akin to those in dry Martian conditions, although there should
be differences in the way the processes operate due to thinner atmosphere,
smaller gravity, and availability of surface materials.
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The spring mounds in Chott el Jerid are unique features that can be used
as type examples to differentiate spring mounds (and also mud volcanoes)
from other volcanic features. Several features on Mars resemble spring
mounds and/or mud volcanoes (e.g., Ori et al., 2000c), and they should be
investigated with very high-resolution images and spectroscopy in order to
ascertain their origin. The mound features could be indicators of movements
of liquids, solids, and gases from the subsurface to the surface.

Exobiology of playa environment deserves a special attention (Farmer
and Des Marais, 1999; Komatsu and Ori, 2000). Microbial activity in salt
flats is high (e.g., halobacteria) and preservation potential of microbial
life forms is also high in evaporite (Norton et al., 1993). These aspects
may justify for investigation of Martian playas in future missions. Spring
mounds and/or mud volcanoes could serve as localized oases for microbial
life, providing additional reason for studies.

On January 4, 2004, a Mars Exploration Rover (MER) named Spirit
landed successfully inside Gusev Crater, the 150 km diameter impact basin
located near the equator of Mars. Gusev Crater has long been argued to be
a site of ancient lakes as summarized in Cabrol et al. (2003). The panorama
image around the landing site shows a relatively flat landscape with scat-
tered rocks (Figure 13.7). Investigations being conducted with the rover
at the time of this writing will hopefully reveal the origin of this landscape,
and in particular will determine whether the site bears evidence for ancient
“wet” and ““dry” lakes.

Three weeks later, on January 25th, another MER Opportunity landed
in Sinus Meridiani (Figure 13.8). The area had been known to be covered
by the crystalline hematite mineral found by orbital remote sensing
(Christensen et al., 2000), but no other clear observation favorable for a
playa environment had been reported prior to the landing. Despite this,

Figure 13.7. Mars Exploration Rover “Spirit” landed in Gusev Crater, the
hypothesized former crater lake basin. Panoramic Camera (Pancam) image.
Courtesy of NASA/JPL/Cornell.
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a wide range of evidence for a body of shallow water and its desiccation
(e.g., layered rocks of a probable sedimentary origin, salts) in the ancient
time was discovered by the rover (NASA/JPL MER web page, 2004).
This exciting situation prompts us to postulate that playa environments
indeed existed on the red planet.

13.3 Morphology of playa. Paleolake landforms: Tsagaan Nuur,
the Valley of Lakes, Mongolia

13.3.1 Paleoshoreline landforms of playa

Modern playas exist in topographic basins. Therefore, under climatic
conditions different from today, long-lasting lakes could form in the playa
basins. Deep-water lakes have hydrological regimes very different from
playas and the processes of lake water and associated drainage systems
leave distinctive geomorphological and sedimentological traces in and around
the basins. Even after the environment shifts to drier playa conditions,
the traces often remain. We can study these traces and reconstruct character-
istics of paleolakes, and consequently infer paleoenvironments which
existed in the past. This approach is valuable also for Mars.

13.3.2 Tsagaan Nuur topographic depression, the Valley of Lakes

The Valley of Lakes is a region currently occupied by a chain of lakes in
central and western Mongolia (Figure 13.9). This valley is bounded by the
Hangai Plateau to the north and the Altai Mountain Range to the south.
A small closed depression exists in the valley between two stable lakes,
B66n Tsagaan Nuur and Orog Nuur (nuur: lake in Mongolian). Tsagaan Nuur
is a lake occupying a small part of the depression, and larger areas can
be inundated occasionally. Tsagaan Nuur is located south of the Hangai
Plateau, one of the main sources of water for the lake via the Nariin Gol
(gol: river in Mongolian). In addition, smaller drainages feed the lake. The
majority of the depression is essentially a playa environment today,
and it contains well-preserved exposures of paleoshorelines. Komatsu et al.
(2001) conducted paleolake reconstruction from shoreline landforms utilizing
Radarsat imagery in conjunction with field observations. The shoreline
geomorphology using Landsat TM imagery is presented in Figure 13.9.
This topographic depression exhibits a wide range of shoreline geomor-
phology commonly observed with well-studied paleolakes, such as glacial
Lake Bonneville in the USA (e.g., Gilbert, 1890; Currey, 1980, 1990).
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R

Figure 13.10. (a) Sub-group 1 of the beach ridge paleostrandlines. These
strandlines are enhanced by the low-angle sunset light. (b) Terrace
paleostrandlines bordering a massif. See two people and a truck for scales.
Note the valleys that are significantly wider above the strandlines and
narrower below. The valley incision was perhaps limited in the lower part
during the period when the local water surface was much higher. (c¢) This
gravel-rich ridge is one of two relict spits extending from the massif south
of the paleolake. (d) A complex of probable Gilbert-type deltas. Note the
flat-topped and steep-sided structure of the fan deltas in front of the
mountains. Photos from Komatsu et al. (2001).

We can observe these features in relatively close proximity to each other in
this topographic depression.

The entire beach ridge paleostrandline zone is about 5—10 km wide
east—west, and about 20 km long north—south (Figure 13.9). The zone can
be divided into three sub-groups, designated as 1, 2, and 3 from west to east.
There are a total of 15 to 20 prominent strandlines identifiable in the image,
but not all of them are continuous. Figure 13.10a shows sub-group 1 enhanced
by low-angle sunset light. On the ground, the strandlines appear as alter-
nating ridges and troughs. Their amplitudes typically range from less than
1 m to a few meters. The ridge surfaces are covered with coarse-grained
gravel a few centimeters in diameter and the intervening troughs are mantled
by fine-grained gravel less than a centimeter in diameter. Evaporites occas-
ionally fill the troughs. The preservation of ridges is partly the result
of subsurface calcite cementation (caliche).
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On the flank of the granitic massif south of the valley there is another
type of paleostrandline feature (Figure 13.9). These paleostrandlines have
a narrow terrace geometry (typically less than tens of meters wide) and
difficult to observe from orbit. The highest of the terrace paleostrandlines
is at least 30 m above the valley floor (Figure 13.10b). In the field, they
appear to be wave-cut terraces carved on unconsolidated slope materials or
on bedrock in some locations. Wave dissipation, and consequently the
formation of wave-cut terraces, is controlled by factors including wave
geometry, depth of water, and lake floor topography. In reality, many terraces
are formed by competing sedimentation and erosion in a complex process.
Note that the valleys in Figure 13.10b are significantly wider above the
strandlines and narrower below. This may indicate that the valley incision
was limited below the strandlines during a period when the local water
surface was much higher. Near-shoreline lacustrine deposits may have
mantled the lower valleys during this period. Upon desiccation, the lacus-
trine deposits were incised.

Two prominent relict spits (1 to 3 km long) extend north from the
massif at the southern end of the paleolake (Figures 13.9 and 13.10c).
These gravel-rich spits were presumably formed by the movement and
deposition of materials by longshore currents in the paleolake. The fans
placed at the mouths of mountain streams from the massif (Figure 13.9)
morphologically show flat tops marking former lake levels (about the same
levels as terrace strandlines), and they are steep-sided toward the center
of the basin (Figure 13.10d). This geometry is characteristic of Gilbert-type
deltas, a type of fan deltas (e.g., Ori and Roveri, 1987; Milligan and
Chan, 1998) first described by Gilbert (1890). Gilbert-type deltas are also
characterized by a well-defined near horizontal stratification pattern at
their tops (topsets) and oblique beds (foresets) in their main bodies under-
lying the topset facies. The foreset of offlap geometry is formed by incre-
mental addition of detritus on the delta front slope, whereas topset is the
result of near shoreline accumulation of coarse-grained bed-load and
it corresponds to the local base level.

13.3.3 Shoreline evidence of past water ponding on Mars

Researchers have searched for evidence of past water ponding on Mars.
Water pondings at the scales of oceans (Parker er al., 1989, 1993), lakes
in large topographic basins (Scott et al., 1992), and crater lakes (Cabrol and
Grin, 1999; Ori et al., 2000a) have been inferred. Martian paleolake studies
utilize geomorphology and sediments for the recognition of past ponding
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of water. For example, Cabrol and Grin (1999) identified 179 paleolakes
in impact craters based on features such as deltas, terraces, shorelines, and
evaporites, all of which were interpreted from Viking imagery. They also
determined the age range of the crater lakes to be the Middle Noachian
or Late Noachian by employing the crater counting technique.

Using Viking imagery, Ori et al. (2000a) conducted a detailed analysis of
possible crater lake examples in the Ismenius Lacus and Memnonia regions
of Mars. They estimated in some crater lakes, based on a wave modeling on
Mars, that almost all wave energy should be dissipated at the coastline and
causes terrace formation. They also concluded from a modeling of wave
action on terraces and geometries of Gilbert-type deltas, that these crater
lakes had been active for thousands of years and developed in several phases
during the early to late Hesperian. Assuming a 1 bar atmosphere, wave
energy on Mars may be similar to that on Earth (Kraal er al., 2003), and
a study of wave propagation models (Parker and Currey, 2001) concluded
that conditions on Mars may permit formation of coastal landforms on Mars
that are large enough to be visible from orbit.

However, identification of shorelines in orbital images is not an easy
task even on Earth. Deep lakes do not necessarily produce well-defined
continuous shoreline features and post-formation degradation is always
a problem. On Earth, ground truth is essential to confirm the coastal land-
forms. MOC (Mars Orbiter Camera) onboard the Mars Global Surveyor
acquired images with greatly improved spatial resolution (max. ~1.5 m).
These images are providing new opportunities for investigating possible
evidence of past water ponding on Mars. For example, amazing details of
putative shoreline features in the Ismenius Lacus and Memnonia are now
revealed (Figure 13.11). Using MOC images, Malin and Edgett (1999) tested
the Mars ocean hypothesis by examining the selected localities of paloeshore-
line morphology proposed by Parker et al. (1989, 1993). They did not find
morphologic evidence for water ponding. However, the research of possible
paleoshorelines on Mars is far from complete. It needs extensive detailed
studies based on experience from terrestrial analogs, and preferably ground
truthing in the future.

13.4 Search for playa sediments: spectral analysis of sediments
in Badwater Basin, Death Valley, USA

13.4.1 Patterns of mineral deposition in playas

Within terrestrial playas, evaporite minerals are often found in characteristic
patterns that result from their order of deposition. Terminal lake basins
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Figure 13.11. Examples of hypothesized shoreline landforms. (a) An example
of possible wave-cut terraces. Terrace morphology in the Ismenius Lacus
region on Mars. These terraces are built against the crater rim, channel inlet
and minor embayments, implying a sedimentary origin. MOC narrow-angle
image M0800544. (b) MOC image wide-angle context image M0800545.
(c) A probable Gilbert-type delta in the Memnonia region on Mars. MOC
narrow-angle image E0500182. (d) Viking context image 456S07.

tend to be particularly rich in evaporite deposits because the concentrations
of various salts that flow into the basin increase until the salts precipitate
out of solution, having no other outlet. In a receding lacustrine environment,
temperature and solubility exercise predominant control over the sequence
and products of precipitates. Carbonates, being the least soluable of the salts
typically in solution, are deposited in marginal basin areas. Sulfates and
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halides, having intermediate and high solubility (respectively), precipitate
at progressively more basinward locations as concentrations in the brine
increase with evaporation (Eugster and Hardie, 1978). The result, as viewed
from above, is often a “bull’s-eye” or ‘“bathtub ring” pattern of evaporite
facies appearing in order of solubility (see Jones, 1965).

Evaporites are not the only precipitated deposits that can form in
lacustrine environments. Given proper temperature, pH conditions, and
a supply of dissolved atmospheric CO,, carbonate minerals can precipitate
directly out of solution to produce non-evaporitic deposits. Clastic sediments,
predominantly clays, are also a major component of lacustrine deposits,
and are often found in intimate mixtures with precipitated salts (Hunt
et al., 1966). Their specific mineralogy, location, and physical size relate
to their mode of deposition. Shoreline and delta environments are often
characterized by coarse sediment, while clay and silt-sized particles dominate
less energetic regimes, such as the lake bottom. Clastic sediment deposits
do not display strikingly characteristic mineralogic zonation patterns like
precipitated sediments. The mineralogy of lacustrine clays on Earth is con-
trolled by climate and the source of the clay, with montmorillonite and illite
predominating in semi-arid environments. On Mars, palogonites (Allen et al.,
1981) or smectite clays (Banin and Margulies, 1983) are considered leading
candidate clay minerals, but they would not be confined to paleolake basins.
Nevertheless, ancient lakes on Mars would have functioned as traps for
clay minerals, and may have left deposits in these locations detectable by
remote sensing.

13.4.2 An example of infrared remote sensing of a terrestrial playa: Badwater
Basin, Death Valley, California, in the thermal infrared

Death Valley, California, contains a well-studied series of playa deposits
with a wide range of evaporite minerals (Hunt ez al., 1966). Carbonates,
sulfates, and halite deposits are found in the typical basinward sequence
along the western margin of the Cottonball, Middle, and Badwater Basins
within Death Valley. Because of its easy accessibility and the abundance
of previous ground-based work, Death Valley has become a de facto type
locality for studying evaporite deposits with different remote sensing experi-
ments. In particular, studies of Badwater Basin, Death Valley, in the
visible to near-infrared region with data from the Airborne Visible-Infrared
Imaging Spectrometer (AVIRIS; Crowley, 1993) and in the thermal infrared
region with data from the Thermal Infrared Mapping Spectrometer
(TIMS; Crowley and Hook, 1996) and the Modis/ASTER Airborne
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Simulator (MASTER; Moersch et al., 2000) have amply demonstrated
the utility of remote sensing techniques for mapping playa evaporite deposits
on Earth.

MASTER is an airborne ‘“‘pushbroom imager” that simultancously
acquires data in 50 channels from the visible to the thermal infrared
(0.46—12.85 um) at a spatial resolution of 5—15 m (Hook et al., 2001).
Ten of the channels fall within the 7—13 pm region, making MASTER
an outstanding analog for the thermal infrared remote sensing experiments
NASA has recently sent to Mars on orbiting spacecraft (see Section 13.4.3,
below). Figure 13.12a shows a MASTER image of Badwater Basin con-
structed using the 0.654, 0.542, and 0.460 um reflectance bands in the red,
green, and blue channels (respectively) to approximate natural color.
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Figure 13.12. MASTER views of Badwater Basin, Death Valley, California.
(a) Approximate true color image created using the MASTER 0.654, 0.542,
and 0.460 pum reflectance bands. (b) Spectral classification map of MASTER
thermal infrared bands. (For a color version of this figure, please refer to
color plate section.)
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A spectral classification map of Badwater Basin based solely on MASTER’s
thermal infrared channels appears in Figure 13.12b. Evaporite minerals
are seen on the west side of the basin in typical “‘bathtub rings” of carbonates
(shown in medium brown) and sulfates (cyan and aquamarine) surround-
ing a large expanse composed predominantly of halite (blue). Note that the
halite has not been detected directly because it has no significant absorp-
tions in this spectral region. Rather, it is inferred here from its lack of spectral
features and from prior knowledge from the field.

In order to assess the accuracy of thermal infrared multispectral mapp-
ing of playa deposits, Baldridge er al. (2004) completed a comprehensive
ground-truthing campaign of the area shown in the MASTER scene
presented above. Although the mineral identifications of collected samples
were not completely consistent with each other, taken as a set they provided
enough constraints for an accurate interpretation that agreed with identi-
fications based solely on the MASTER spectral classification analysis for
14 of the 16 sites.

13.4.3 Remote sensing of putative playa deposits on Mars and lessons learned
from terrestrial analogs

In recent years, NASA has made a concerted effort to map the miner-
alogic composition of the Martian surface using relatively high spatial resolu-
tion thermal infrared remote sensing observations from orbit. Since 1997,
the Mars Global Surveyor Thermal Emission Spectrometer (TES) has been
mapping the planet in the ~6—50 pm spectral range in 143 spectral channels,
at a spatial resolution of approximately 3 x 6 km (Christensen et al., 1998).
One of the primary goals of this experiment is to locate and map deposits
of minerals that form in the presence of liquid water. A major discovery
of the TES experiment was the detection of coarse-grained, crystalline
hematite (Fe,O3) in Meridiani Planum (Christensen ez al., 2000) and in
smaller deposits in other locations. The favored hypothesis of Christensen
et al. (2000) for the formation of these deposits is that they were precipitated
from iron-rich solutions.

Despite intensive searching, TES has not detected aqueous minerals
deposits on Mars. Stockstill ef al. (2003) have performed a survey of TES
data from craters identified by Cabrol and Grin (1999) on the basis of photo-
geologic observations as putative paleolake basins. Hyperspectral mapping
techniques were applied at the limit of spatial resolution to the 80 largest
craters (the remainder being too small to resolve any intracrater spectral
units). Although discrete, mapable spectral units were found within several
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craters, deconvolution of their spectra yielded no evidence for any aqueous
minerals other than the previously reported hematite. The search for aqueous
minerals on Mars is continuing with new data from the Thermal Emission
Imaging System (THEMIS) experiment (Christensen et al., 2003), which
arrived at Mars aboard the Mars Odyssey orbiter in late 2001 and also from
the more recent Visible and Infrared Mineralogical Mapping Spectrometer
(OMEGA) experiment onboard the European Mars Express orbiter. These
multispectral cameras will image the entire planet in ten thermal infrared
bands at a spatial resolution of 100 m/pixel. As with TES, a major goal for
these experiments is to identify and map deposits of aqueous minerals. The
early calibration and validation of both data are nearly complete, and
mineralogic mapping has started. The European OMEGA/Mars Express
hyperspectral imager has recently identified hydrated sulfates on Mars,
minerals which record direct evidence of aqueous activity (Gendrin et al.,
2005). Sulfates could originate from evaporation of playas, but may also form
by other means (Gendrin et al., 2005). Much work remains to be done with this
growing dataset.

Terrestrial analogs may help shed some light on the question of why TES
and THEMIS have not detected aqueous minerals other than hematite
on Mars. Thermal infrared remote sensing observations of terrestrial playa
environments can be degraded to match the spatial resolutions of data
being returned from Mars in an attempt to set thresholds of detection
for aqueous minerals in natural settings (Moersch et al., 2001). When the
MASTER data used to create the spectral classification map in Section 13.4.2
are re-binned to the 100 m spatial resolution of THEMIS data (Figure 13.13a)
and then re-classified, the spatial/spectral patterns characteristic of evaporite
basins, such as bands of carbonates and sulfates around the basin’s margin
(particularly the west side), are still easily discernable. However, when the
raw data are further de-resolved to the ~3 km resolution of TES data
(Figure 13.13b) and re-classified, all of the spatial patterns are lost. Spectral
signatures of evaporites also become extremely subdued as they are washed-
out by sub-pixel mixing effects at TES-like spatial resolution.

These results from Badwater Basin suggest that one possible reason TES
has not seen evaporite minerals in putative Martian paleolake basins is
that it simply lacks sufficient spatial resolution. Further, the 100 m MASTER
simulations indicate that THEMIS should be capable of seeing evaporites
if they are exposed on the surface of Mars as they are in Badwater Basin.
However, Badwater Basin is just one terrestrial evaporite basin and may
not be representative of all — analyses of other terrestrial basins are currently
underway to address this possibility.
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Figure 13.13. The effects of spatial resolution on spectral classification
mapping of Badwater Basin. (a) MASTER thermal infrared emissivity data
were degraded to the 100 m/pixel spatial resolution of the THEMIS
instrument and then spectrally classified as in Figure 13.12b. (b) The same
data were degraded to 3 km spatial resolution (approximately equal to TES
resolution) and then spectrally classified. Spectral endmembers used to
classify the TES-resolution data were taken from THEMIS-resolution data
because there were insufficient pixels available at TES resolution to provide
useful endmembers. Note that the typical spatial/spectral evaporite patterns
on the western margin of the basin are clearly visible at THEMIS resolution,
but are lost at TES resolution. (For a color version of this figure, please refer
to color plate section.)

It will be interesting to see if THEMIS, given its significantly improved
spatial resolution over TES, is able to find spatial/spectral patterns associated
with evaporites on Mars. If not, researchers will be forced to consider
whether there are environmental factors at play on the surface that have
either removed such deposits or obscured them from detection by thermal
infrared remote sensing, or if the geochemical models that predict such
deposits were present to begin with on Mars are wrong, or if the Martian
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lakes postulated by photogeologic studies simply never existed. It is interest-
ing to note that the Opportunity rover has detected jarosite and sulfate
salts together with the previously known hematite near its landing site in
Sinus Meridiani (NASA/JPL MER web page, 2004). In addition, detection of
sulfate salts and clay minerals by the OMEGA instrument has been recently
reported.

13.5 Conclusions

Playa environments occur in dry regions of Earth. eolian processes
dominate modification of playa surfaces for the majority of time. However,
in spite of dry conditions prevailing in playas, water plays a major role
in geomorphology and sedimentation. There are water-related processes
operating over a variety of geological time and spatial scales in playas.
For example, evaporitic pumping and spring circulation redistribute sedi-
ments on the playa surface, leaving evaporites and mound morphology.
Occasional flood inundation is important, bringing new sediments to the
playa basin and evaporite deposits form. If inundation becomes more
permanent, deep lakes could form. And upon desiccation, such deep lakes
could leave a suite of paleoshoreline geomorphology and mineralogy.
Detection of playas on Mars depends on identification of water-generated
landforms and evaporitic sediments. This can be achieved utilizing orbital
remote sensing such as high-resolution optical cameras and infrared spectros-
copy, combined with in situ analyses.
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14.1 Introduction

A series of astrobiological high-altitude expeditions to the South American
Andean Mountains were initiated in 2002 to explore the highest perennial
lakes on Earth, including several volcanic crater lakes at or above 6000 m
in elevation. During the next five years, they will provide the first integrated
long-term astrobiological characterization and monitoring of lacustrine
environments and their biology at such an altitude. These extreme lakes
are natural laboratories that provide the field data, currently missing
above 4000 m, to complete our understanding of terrestrial lakes and biota.
Research is being performed on the effects of UV in low-altitude lakes
and models of UV flux over time have been developed (Cockell, 2000). The
lakes showing a high content of dissolved organic material (DOM) shield
organisms from UV effects (McKenzie et al., 1999; Rae et al., 2000). DOM
acts as a natural sunscreen by influencing water transparency, and therefore
is a determinant of photic zone depth (Reche ez al., 2000). In sparsely
vegetated alpine areas, lakes tend to be clearer and offer less protection
from UV to organisms living in the water. Transparent water, combined
with high UV irradiance may maximize the penetration and effect of UV
radiation as shown for organisms in alpine lakes (e.g., Vincent et al., 1984;
Vinebrook and Leavitt, 1996). Shallow-water benthic communities in these
lakes are particularly sensitive to UV radiation. Periphyton, which defines
communities of microorganisms in bodies of water, can live on various
susbtrates. While on rocks, they include immobile species that cannot seek
low UV refuges unlike sediment-dwelling periphyton (Happey-Wood, 1988;
Vincent et al., 1993) or alpine phytoflagellates (Rott, 1988) which both
undergo vertical migration. Inhibition of algal photosynthesis by UV radia-
tion has been documented in the laboratory (Héader, 1993) and it has been
shown that phytoplankton production is reduced by formation of nucleic acid
lesions (Karentz et al., 1991) or production of peroxides and free oxygen
radicals (Cooper et al., 1989). Most of the experiments that have demon-
strated in situ suppression of algal growth by UV radiation have either
used artificially enhanced UV irradiance (Worrest et al., 1978) or shallow
systems (<1 cm) that lack significant natural attenuation of UV radiation
(Bothwell et al., 1993, 1994). Our project is providing the field data that
are missing from natural laboratories above 4000 m and will complement
the postulation of the effects of <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>