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“Always something new. | made up my mind when | came here
last year | wouldn't expect nothing, nor ask nothing, nor be
surprised at nothing. We've got to forget Earth and how things
were. We've got to look at what we're in here, and how
different it is. I'm not surprised at anything anymore.

I'm just looking. I'm just experiencing. If you can't take Mars for
what she is, you might as well go back to Earth. Everything's
crazy up here, the soil, the air, the canals {(...).”

Ray Bradbury. Martian Chronicles (1950)
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PREFACE

“What we call the beginning is often the end.
And to make an end is to make a beginning.
The end is where we start from”

T.S. Eliot

In June 2009, when | completed my first PhD Thesis, some topics that already captured
my attention in the Elysium region of Mars were still not well studied in detail. An example is
the area with possible glacial landforms at the western flank of Hecates Tholus volcano on
Mars. Although some authors proposed along the time the existence of glacial features in the
area, there was still not detailed and systematical works to describe, characterize, date, and to
interpret them, partially due to the absence of extremely high resolution satellite images that
this detailed work required.

On a very different work, my first fieldtrip in Antarctica in January-February 2009 made
me possible to study Deception Island: an incredible and beautiful site on the white continent.
It is an active volcano partially covered by glaciers, some of them covered by ash deposits from
the last eruptions in the late 1960's. Ice, fire, cold climate conditions... Then, when | completed
that first Thesis, my curiosity pointed to me to continue studding Mars focused on a small area
(ok, not so small) using the first extremely high resolution images of the Mars Reconnaissance
Mission of NASA in which you could distinguish individual blocks on the surface! Then, why not
to start a new PhD Thesis focused on the possible ancient glaciers on the flank of that Martian
volcano, trying to reveal as much as possible of their origin and evolution with the help of my
experience on studding Mars, and glaciated volcanoes in Antarctica?

Although he told me | was crazy, my advisor, Dr. Juan D. Centeno (Complutense
University in Madrid), who spent an important part of his scientific life as geomorphologist
studding glacial landforms, was quickly captured by the images from Mars and its landforms
(he insists on calling them “marsforms”). Thankfuly, he enrolled in this Martian adventure and |
could start and develop this PhD Thesis. His patience and enthusiasm (that | really appreciate),
and his terrestrial point of view, allowed multiple and productive discussions about the

interpretation of the martian reliefs | was mapping and describing.




Xiv

Preface

This research work has not been directly supported by any research project or
institution, but | would like to thanks to PERMAPLANET (CTM2009-10165), ANTARPERMA
(CTM2011-15565-E), PERMANTAR-2 (PTDC/AAC-CLI/098885/2008), HOLOANTAR (PTDC/CTE-
GIX/119582/20109), and PERMATHERMAL projects, because, although they were focused on
the study of permafrost and climate change on Earth, they made possible my participation in
seven Antarctic fieldtrips between 2009 and 2015. | had time there to discover and to study
Deception Island and its clear analogues to the debris covered glaciers | was studding on Mars.
Really inspirational fieldtrips!

In any case, this research was possible thanks to the NASA and ESA space agencies and
their politics of public and free access to the planetary data. Their database systems as well as
the databases from the different instrument teams, made me possible to download and use all
the different type of data and images | used in this research. Especially thanks to HiRISE, CTX,
THEMIS and HRSC instrument teams from University of Arizona, Malin Space Science System,
Arizona State University, Jet Propulsion Laboratory and Free University of Berlin and German
Aerospace Agency for the use of their data and products.

| used this data for the past five years (not fulltime. In fact less than 2 years of effective
work because of all my duties as an assistant lecturer at the University of Alcala, and my other
research topics about Antarctica) to study this corner of Mars. Of course, the next pages does
not contains all the work | did (many issues are still incomplete and require more work), but
the most important parts that provide important advances in our knowledge of glaciers on the
Hecates Tholus volcano of Mars. | also included some speculative discussions. Why not to
propose new hypothesis to be tested in the future with the data that are coming? | had a lot
of fun developing this research. | hope the reader will be able to enjoy in the same way reading

this document.

Are you ready? We hope you enjoy your trip to Mars!

Madrid (Spain) on May 20th, 2015
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ABSTRACT

Hecates Tholus volcano (32.18°N, 150.282E; MC-7 quadrangle) is the only edifice of the
Elysium volcanic province, at the lowlands of Mars, showing evidence of glacial activity, as
deduced from the geomorphological study. This work completes the previous regional works
with the aim of refine our knowledge about the glacial events occurred at this site of Mars. We
build a detailed geomorphological mapping (1:100.000 in scale) of the lower NW flank of the
edifice (31.82-33.082N, 148.372-149.382E), where the glacial "marsforms” concentrate, based
on the use of CTX images. Moreover, we performed detailed crater size-frequency distribution,
geomorphological, morphometric, compositional, and thermal analysis to finish the
cartography and get the necessary evidences to model the glacial evolution of the area. Those
analyses were possible thanks to the use of a wide variety of images, including HRSC, HiRISE,
MOC, and THEMIS, as well as HRSC-derived topographic data, THEMIS-derived Brightness
surface temperature, TES-derived thermal inertia maps, and SHARAD ground penetration

radargrams, everything integrated into a Geographic Information System.

The first result is a detailed geomorphological map showing geomorphological units
(volcanic, glacial, gravitational, fluvial, impact and others) and geomorphological elements
(glacial, periglacial, fluvial, gravitacional, tectonic, aeolian and impact). We produced a set of
ages for primary and resurfacing events allowing to establish the most detailed evolution
model of the glacial events in the volcano, including events descrived but not dated by

previous authors and events first-described in this work.

The geomorphological and morphometrical observations allowed to characterize and
confirm the glacial origin of many units and landforms observed in the area. The observation of
crevasses and bergschrunds related to glacial deposits indicate that ice masses are flowing
nowadays since this type of features are produced under glacial flow tensional efforts, and
they are fragile enough to disappear by sublimation or ablation under recent climate
conditions. Moreover, the thermal and compositional characterization of the area made
possible to define the different behavior of the material, mainly of those with glacial origin,
marking the possible existence of ice lenses or ice layers (that previous authors had considered

relict of the ancient extensive glaciers).

Finally, the analysis of satellite images of Deception Island, Antarctica, made possible
to define this terrestrial site as an analogue to study and understand the covered glaciers on

Mars.
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RESUMEN EXTENDIDO

El volcan Hecates Tholus (32.18°N, 150.289E; cuadrante MC-7), de unos 180 km de
didmetro y 5.300 metros de altura, es el Unico edificio de la provincia volcénica de Elysium, en
las Tierras Bajas de Marte, en el que se han descrito rasgos geomorfoldgicos que podrian estar
causados por procesos glaciares. Ademas, distintos autores relacionan la red radial de canales
gue surcan las laderas del volcan como causadas por la fusién de un antiguo casquete glaciar
en la cima del edificio, siendo éste un ejemplo mas de las intensas interacciones magma-agua
en esta regidn del planeta, cercana al antiguo océano marciano y que dieron lugar a
fendmenos muy interesantes, como los terrenos caodticos de Galaxias Chaos, a pocos

kildmetros del volcan.

Una caracteristica muy particular de este edificio volcdnico es la presencia de dos
depresiones anidadas en la base de la ladera Noroeste, de 20 y 60 km de didmetro. La menor
de ellas (Depresidn A), situada a mayor altitud, ha sido interpretada por algunos autores como
causada por una erupcién lateral del volcan hace unos 350 Ma. Sin embargo, la de mayor
diametro y situada a menor altitud (Depresion B), no tiene un origen claro, aunque se han
discutido distintas hipétesis. En cualquier caso, es especialmente en el interior de estas
depresiones donde se han encontrado los rasgos geomorfolégicos que podrian estar causados

por actividad glacial, como posibles cordones morrénicos y depésitos de till.

Anteriormente, algunos autores realizaron trabajos cartograficos de cardcter regional
basados en imagenes HRSC (12 m/pixel de resolucidn), asi como dataciones mediante contaje
de crateres, que les permitié correlacionar la actividad glaciar y volcanica con los principales
eventos de este tipo ocurridos en el planeta, especialmente durante la glaciacion de Marte.
Sin embargo, estos trabajos no pretendian realizar estudios detallados de esta zona, ni tenian
a su disposicidn las imagenes que se comenzaron a recibir tiempo después de los instrumentos
CTX y HiRISE (de 6 y 0.35 m/pixel de resolucién). Por ello, en este trabajo se ha pretendido,
utilizando el potencial de estas imagenes, profundizar en el estudio de la zona, centrandonos
en la base del flanco Noroeste del edificio (31.82-33.082N, 148.372-149.382E), con el objetivo
de localizar, caracterizar, interpretar, y datar las distintas unidades y elementos
geomorfoldgicos reconocibles en la zona, especialmente aquellos de origen glaciar, asi como de
determinar sus caracteristicas térmicas y composicionales. Con ello se pretende establecer la
historia de los eventos glaciares y las caracteristicas de los mismos, y determinar la posible

existencia de hielo en tiempos recientes (o en la actualidad) en la zona de estudio.
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Resumen extendido

Para ello, se ha realizado: (1) una cartografia geomorfoldgica a escala 1:100.00, (2) una
datacidn de las principales unidades mediante la técnica del contaje de crateres, todo ello
basado en el uso de imagenes CTX, (3) una descripcion detallada de las distintas unidades y
elementos geomorfoldgicos, (4) un estudio morfométrico basado en datos topograficos
derivados de datos HRSC, y (5) la caracterizacion térmica y composicional de la zona, basado

en el uso datos THEMIS.

Todas estas tareas han sido desarrolladas mediante la integracién de los datos en un
Sistema de Informacion Geografica desarrollado para tal fin, mediante el uso del programa
ArcGIS 10.0, integrando otros muchos tipos de datos complementarios. Ademas se han
aplicado distintas técnicas como el estudio de la distribucion de frecuencias de los didmetros
de los crateres de impacto para realizar las dataciones, un analisis estadisticos de aleatoriedad
para desestimar zonas de craterizacién secundaria que resulta en dataciones errdneas, el
calculo de la temperatura del brillo de imagenes infrarrojas del instrumento THEMIS, el cdlculo
de la inercia térmica aparente para derivar las caracteristicas de los materiales superficiales
mediante imdgenes THEMIS y CTX, el ajuste matematico de datos topograficos derivados de
datos HRSC para establecer el origen glacial o fluvial de algunos canales, el procesado de
dichos datos topograficos para obtener distintos parametros e indices morfométricos, o el
analisis de radargramas de datos de radar de penetracidon del instrumento SHARAD con el fin

de intentar establecer las posible estructura subsuperficial.

Ademas del Sistema de Informacidon Geografica, y de herramientas especialmente
desarrolladas para él, como el USGS Image Toolbar, o CraterTools, se han empleado programas
adicionales para el procesado de datos, como HRSC2GIS o scripts, como ISIS2World o ISIS2GIS,
PowerlLaw, o se han desarrollado scripts propios para agilizar las tareas de procesado de datos.
También se han empleado programas informaticos especificos para la interpretacion de los
datos, como CraterStats2 para el contaje de crateres y la obtencion de edades. Finalmente, se
han empleado herramientas informaticas para el desarrollo de graficos (Surfer 9.0) o

esquemas y diagramas (Inkscape 0.48).

El primer resultado de este trabajo ha sido una cartografia geomorfoldgica a escala
1:100.000 de la zona de estudio, resultando en la cartografia mas detallada realizada hasta la
actualidad de esta zona del planeta. En dicha cartografia se han diferenciado 18 unidades
geomorfoldgicas de diverso origen, incluyendo volcanico, glacial, fluvial, edlico, impacto y de
pendientes. Este mapa también recoge la ubicacion de 18 elementos geomorfoldgicos,

igualmente de diverso origen, incluyendo elementos glaciales (morrenas y depésitos de till,
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eskers, rocas aborregadas, o surcos), periglaciales (pingos), fluviales (canales de diverso tipo),
de pendientes (escarpes), tecténicos (fracturas y graben), edlicos (campos de dunas) y de

impacto (crateres de impacto).

La datacién de las unidades geomorfoldgicas mas importantes (por extensién) de la
zona de estudio, se ha llevado a cabo tras seleccionar sectores lo mas amplios y homogéneos
posibles (evitando las zonas con craterizacion secundaria), y realizando la medida de sus
diametros. Los resultados han permitido establecer que la edad del volcdn es de
aproximadamente unos 3.800 Ma, y existido a lo largo del tiempo diversos eventos geoldgicos
volcanicos y glaciares hace 980 Ma, 800 Ma, 500 Ma, 415 Ma, y 110 Ma, incluyendo una
erupcién hace unos 340 Ma. Entiempos mas recientes, se han establecido posibles eventos
glaciares hace 60 Ma, 30 Ma, 16 Ma y 6 Ma, con reactivaciones hace tan sélo 1.3 Ma, 1 Ma,

and 0.44 Ma, correspondiéndose con la ultima edad del hielo establecida para Marte.

Los rasgos geomorfoldgicos cartografiados y observados en las imdagenes de alta
resolucién confirman el origen glacial que autores previos le daban a la zona, y su andlisis e
interpretacion han permitido establecer la altura que la masa de hielo pudo llegar a tener en el
pasado durante el periodo de mdéxima extensién glaciar, asi como los distintos episodios de
avance y retroceso del hielo a lo largo de la historia geoldgica de la zona. El andlisis
morfométrico y el ajuste polinomial de los datos topograficos confirman que si bien algunos de
los valles de la zona de estudio pudieron estar excavados por actividad fluvial, los glaciares los
erosionaron. El estudio de los pardmetros de forma de estos valles (b-FR) relacionan la
actividad erosiva con un modelo de tipo patagénico-antartico como cabria esperar de estas
grandes masas de hielo que parece que cubrieron la regién. A la vista de los elementos
geomorfoldgicos existentes en la zona, también es posible establecer que dichos glaciares

podrian haber tenido un régimen térmico templado.

Tanto las observaciones geomorfoldgicas como las morfométricas podrian estar
indicando la existencia de masas de hielo en el fondo de las depresiones Ay B, sea en forma
de lentes o en forma de capas continuas. La explicacion mas probable es que se trata de hielo
relicto de los glaciares que existieron en el pasado, cubiertos en la actualidad por depésitos de
derrubios, edlicos o de depdsitos volcanicos de caida que los ocultarian y protegerian. Esto es
también lo que parecen indicar los datos de temperatura de la superficie analizados. Y es que,
aunque no se observan rasgos térmicos destacables mas allad del distinto comportamiento de

los diferentes materiales que conforman las laderas del volcan, las llanuras que lo rodean, los
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materiales del fondo de las depresiones, o sus laderas, existe una pequefia anomalia térmica
en el fondo de la depresidon mas grande, en la que el contraste térmico dia-noche es distintos
del que existe en la zona. Tras comprobar que tanto desde el punto de vista textural,
geomorfolégico, composicional, o morfométrico, la zona donde ocurre esto no es distinta del
resto de las zonas del fondo de la depresidn, y su inercia térmica (real y aparente) es similar a
la del resto de la zona, por lo que es posible que dicha anomalia esté marcando la ubicacién de

una de estas lentes de hielo de mayor espesor, o recubierta por menos materiales.

En otros puntos de estas depresiones y en los valles que llegan a ellas, se han
observado en las imagenes de mas alta resolucidn, la existencia de crevasses y bergschrunds,
que, sin duda, estan relacionados con la presencia de hielo en la actualidad, parcialmente
cubierto por depdsitos finos. Pero ademas, su existencia es indicadora de la actividad
contemporanea o muy reciente de dichas masas de hielo, pues este tipo de fracturas en el
hielo se producen por las tensiones que sufre el hielo durante su desplazamiento y son formas

gue desaparecen con el hielo.

Si dichas lentes de hielo existen y se encuentran en movimiento en la actualidad,
resulta imprescindible un gradiente del balance de masa del hielo. Si no existe acumulacién de
hielo, la pérdida de hielo en la zona frontal o en la base serian las Unicas causas de dicho
movimiento. No se puede descartar el papel de la sublimacién (aunque no existen claros
indicadores) pero, dado el cardcter volcdnico y los antecedentes de la regidn, es posible
establecer que un incremento del flujo geotérmico asociado a las depresiones ha podido
causar la fusion de la base del hielo, produciendo, por un lado la pérdida de masa, y por otro

favoreciendo el movimiento por lubricaciéon de |a base.

En cualquier caso la existencia de hielo enterrado en la zona concuerda con los
modelos térmicos planteados tiempo atras por algunos autores para esta zona, y la existencia
de glaciares relictos enterrados bajo depdsitos sedimentarios es similar a lo observado en
algunos de los glaciares de la isla Decepcién, Antartida, donde las masas de hielo se
encuentran cubiertas por depdsitos piroclasticos. En dichas zonas, donde no se ve el hielo en la
superficie, se pueden identificar rasgos geomorfolégicos similares a los observados en el
volcan Hecates Tholus, por lo que su estudio como analogo terrestre abriria la puerta a
comprender mejor los efectos térmicos del glaciar y asi, poder estudiar de forma mas precisa

los glaciares cubiertos de Hecates Tholus y de otros lugares de Marte.
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Abstract:

The exploration of Mars has been strongly related to the search of water, from the
epoch of the telescope exploration to nowadays. The analysis of the images and data obtained
made possible along the time to know that liquid water and ice had played an important role
on the evolution of the planet. In fact, periglacial and glacial features has been described all
around the planet. In particular, the northwestern flanks of the main volcanoes of Mars show
many glacial-related features formed along the history of the planet. Hecates Tholus volcano is
one of these edifices with previous studies published, but without detailed geomorphological
analysis. We have performed a detailed mapping and analysis of two depressions in the NW
flank of the volcano. This is now possible thanks to the new high-resolution available images
and data. In the next pages we show the motivation, objectives and scope of this study, as well
as an explanation of the methods used. Finally, a description of the organization of this
document is provided as well as the list of derived publications.

Resumen:

La exploracién de Marte ha estado ligada desde el principio con la bisqueda y estudio
del agua, ya desde la época de la exploracién astrondmica y hasta nuestros dias. Las
observaciones realizadas en las imdgenes y datos que se han ido obteniendo a lo largo del
tiempo han mostrado que el agua y el hielo han jugado un papel importante en la historia y
evolucién del planeta. De hecho, las formas periglaciares y glaciares se pueden encontrar en la
practica totalidad del planeta. De entre ellas, las laderas Noroeste de muchos volcanes se
encuentran surcadas por rasgos que han sido interpretados como el resultado de la actividad
glaciar a lo largo de la historia del planeta. Esto ocurre en el volcan Hecates Tholus de Marte,
donde, si bien algunos autores han identificado y datado algunos de estos rasgos, no existe un
estudio detallado de los mismos, algo que ahora puede realizarse gracias a los nuevos datos
disponibles de alta resolucién. En estas paginas se presentan las motivaciones, objetivos y
alcance de la presente tesis doctoral, y se comentan brevemente los datos y métodos
empleados. Finalmente se comenta la organizacion de los distintos capitulos de este trabajo, y
las publicaciones de distinto tipo a las que han dado lugar.
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1.1.Water on Mars

The exploration of Mars has been strongly related to water. In fact, already during the
early exploration of Mars by the use of telescopes, discovery of water was one of the most
important scientific events. Today we know, liquid water does not exist on the surface of the
Mars, and that discovery was an incorrect interpretation of the observations of the surficial
characteristics observed by telescope. On that days, astronomers made strong efforts to map
the different albedo features (i.e., changes on the color of the surface), as well as to map linear
structures, such as the case of the cartography made by Schiaparelli in 1888, where a number
of “canali” were mapped. Note that “canali”, in italian, means channel, a natural stream, but it
was incorrectly translated to “canals”, an artificial water conduct. This wrong translation
inspired an important part of the scientific life of the astronomer Percival Lowell who made
new maps of Mars by the use of the telescope, and made many publications about the life on
Mars. This may look just anecdotic, but the works by Schiaparelli had serious implications- two
of them do deserve to be mentioned. The first one was to father the belief of the existence of
life on Mars, with the logical deduction that Mars should be a relatively adequate world to
support the live. The second, and related with the first one, was to call the attention of public
opinion and scientific community on the importance of the exploration of the Solar System,

and specially Mars.

During the during the XX century, new astronomical observations discarded the
artificial origin of the linear structures mapped by Schiaparelli and other astronomers and the
search for “Martian intelligence” vanished. However, the interest about Mars increased and, it
was still one of the priority targets once the first spacecraft were launched. The channels or
“canali” should be related to some kind of water and, within the USA-URSS race for space
conquest, Martian water was always and strategic scientific target. The first images acquired in
1964 by the Mariner 4 spacecraft revealed Mars had a dry and craterized surface, similar to
the Moon’s surface. The first deception did not avoid that during the next decade about 16

missions were sent to the planet to explore its surface.

In late 1970's, the twin Viking mission, each one formed by a lander and an orbiter,
finally obtained images from the 99% of the surface of the planet, among many other data.
Those images made possible to have a whole view of the planet. Many features were
discovered, most of them similar to those we have on Earth: canyons, plains, volcanoes,

faults,... and also channels (Carr, 1996a, 1996b, 2006). So finally, channels exist in many
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different sites of the planet, but completely different than those “canali” mapped by the use of
the telescope in ancient times. Evidences of ancient streams were ientified, similar to those we
have on Earth caused by surface runoff, but also huge channels, probably caused by enormous
episodic outflows. Moreover, most of those channels end on the lower, smooth and low
cratered land on the northern hemisphere, interpreted to be the floor of an ancient ocean. On
the contrary, the higher, rough and densely cratered terrains of the martian highlands,

IM

interpreted to be the “continental” sector of the planet. Then, the idea of Mars like a dry
planet completely changed during the late 1970’s and early 1980’s, because important water
guantities must have flowed on the planet surface on the past to excavate those channels and

to fill the ancient ocean.

In 1997, after a long gap of 20 years without missions sent to Mars, started a new
exploration epoch of Mars, characterized by smaller, cheaper and more frequent missions, but
full of instruments to study the planet. Mars Pathfinder mission opened this epoch with a small
vehicle capable to drive on the surface taking images and different scientific data. From that
moment other 16 missions have been sent to Mars until 2011 when Mars Science Laboratory
(Curiosity rover) was sent there. Each mission included more, more precise, robust and varied
type of instruments to analyze the atmosphere, the water, the surface and the soils, not only
with the objective of to know the geology and the evolution of the planet, but also to locate
water on it. And water is there. Many direct and indirect evidences of water existence have
been reported thanks to the analyses carried out by the hundreds of instruments on board

those missions.

Nowadays, the complete scientific community agrees with the idea that water existed
on Mars in the past forming oceans, lakes and rivers, and also in the atmosphere, allowing
precipitation like rain and snow (Carr, 1996a, 1996b, 2006; Carr and Head, 2010). We also have
a solid model of the evolution of the planet and its climate, and also of its hydrosphere. In fact,
we know water had an important role in the evolution of the planet. All this knowledge was
possible thanks to all those missions sent to Mars to locate, and study water, or its influence

on the geology and climate on present and past history of the planet.
1.2. The invisible ice

The different missions sent to Mars, not only observed landform related to liquid
water such as channels, deltas or coastlines, but many other evidences of frozen water

existence. In fact, the most important evidence is the two polar caps, formed by layers of ice
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and dust that is the unique ice deposits ever observed on Mars. However, although no more
ice has been directly observed on the planet, these ice deposits are not the unique evidences
or ice existence on past and present times on Mars. Polygonal terrains, protalus, thermokarsts,
or pingos, are examples of features what point to the ice existence on past and present on
Mars (e.g., Miiller, 1962; Carr and Schaber, 1977; McKay, 1979, 1998; Luccchita, 1981, Greeley,
1985; French, 1993; Costard and Kargel, 1995; De Hon, 1997; Gurney, 1998; Tanaka et al.,
2000; Soare et al., 2005; Lefort et al., 2006; Page and Murray, 2006; Page, 2007; de Pablo and
Komatsu, 2008)

In spite of those evidences of ice-related geological processes, images do not allow to
observe clean ice on the surface of the planet outside the polar caps. However, ice is stable
under the surface temperature (102C and -1202C) and pressure (6.1 mBar) conditions. These
values are below the triple point of the water and given the low water vapor concentration on

the atmosphere, if water exists on Mars surface, it should be in solid state.

Surficial ice volume on Mars today should not be huge. If the planet had many lakes
(e.g., Cabrol and Grin, 2001, Irwin and Howard, 2002; Irwin et al., 2002) and an ocean covered
a third of the surface, as deduced from the geomorphological, topographical and
compositional evidences (e.g., Baker et al.,, 1991, 2000, 2001; Fairén et al.,, 2003 and
references there in), the ice contained in the polar caps represent only a small portion of that
water. Although the small size of the planet could explain the lost of water vapor (and other
gases) to the space due to the relative small gravity (e.g., Melosh and Vickery, 1989; Carr,
1996; Chassefiere and Leblanc, 2004) still an important quantity of water should remain in the
planet outside the polar caps. Viking landers took pictures where frost accumulated on the

rocks and soils early in the morning was visible before sublimate to form again on the next day.

Moreover, presence of ice on present time outside the polar caps, was confirmed by
Phoenix mission in 2008 after excavate few centimeters on the regolith discovering a white
material that freezes-sublimates from day to day. That mission confirmed the presence of ice
under the surface, something that it has been proposed many times to exist on the basis of the
observation of different landforms and surficial features at a wide range of latitudes in the
planet. Basketball terrains, polygonal terrains, thermokarsts, and also gullies and outflow
channels on Mars could be caused by ground ice sublimation or melting. The most recent
missions made possible, thank to their high resolution cameras, to study in details all those

features, as well as their wide distribution on the planet, confirming the important role of the
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cryosphere with a frozen ground that could be some kilometers thick (e.g., Clifford, 1993;
Schorghofer and Forget, 2012). Spectrometrical data made also possible to know the wide
distribution and concentration of hydrogen on the surface of Mars, which was interpreted as
water concentration, practically global, supporting the idea of a thick permafrost layer almost
all around the planet. Consequently, although not ice has been observed on present day
outside the polar caps on the images from any mission sent to Mars until present day, there
are many geomorphological and spectrometrical evidences of ice existence below the surface,
just only at few centimeters below the surface such as confirmed by Phoenix mission at high
latitudes, and with a pretty wide distribution all around the planet, supported by the present

cold climate conditions.
1.3.Glaciers and ice ages on Mars

The list of evidences of former ice and glaciers on Mars is huge. Subglacial volcanoes in
Martian lowlands, as Elysium and Utopia planitiae areas, points toward the existence of an
iced ocean at the time of the eruptions; and this ideas has found further support in recent
works (e.g., Chapman, 1993; Wilson, 2003; Woodworth-Lynas and Guigné, 2004; Howard and
Moore, 2004; Murray et al., 2005; Kossacki et al., 2006).

Different images from many different sites of Mars show features interpreted like caused
as glacial reliefs in spite of present lack of ice on the surface outside the polar caps. Lobated
debris aprons and lineated valley fill deposits has been interpreted as different types of till
deposits, such as frontal or central moraines (e.g., Richardson and Wilson, 2002; Head et al.,
2003, 2005; Head and Marchant, 2003; Mischna et al., 2003; Fastook et al., 2005; Shean et al.,
2005; Levy et al.,, 2007; Kress and Head, 2008; Morgan et al., 2009; Baker et al., 2010).
Furthermore, these features are found at all latitudes. With the identification and mapping of
these features, several authors have founds glacial tongues, piedmont glacier and ice caps.
Moreover, possible eskers and drumlins fields have been also described in many different sites
of Mars (e.g., Kargel, 1995; Banks et al., 2008). This is just a sample of the huge list of
evidences that supports the extensive distribution and importance of glacial dynamics on the
geological history of Mars (e.g., Carr, 1996, 2006; Clifford and Parker, 2001; Carr and Head,
2010).

The last studies about the Martian climate and its relation with many different ice-
related “marsforms” all around the planet helped to draw a full history of glaciations and

recent ice ages (e.g., Head et al., 2003, 2005; Schorghofer, 2007; Carr and Head, 2010) in which
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the orbital variations could play an important role (e.g., Mustard et al., 2001; Laskar et al.,
2004; Aharonson and Schorghofer, 2006; Schorghofer, 2007, 2010; Byrne et al., 2009; Schon et
al., 2009; Schorghofer and Forget, 2012).

The interesting issue about glaciers on Mars is that no ice, appart of regolith-interstitial
ice and polar caps, has been found related to any of the glacial landforms above described.
Therefore, there are two clear options: either all glacial forms are relicts and ancient glaciers o
all remnant glacial ice, still modeling the planet surface, is hidden by debris deposits. Both
possibilities are feasible but, at present time, evidences to discern which one is the real case
do not exist, although some thermophysical models propose that the existence of buried ice at

selected sites is feasible (e.g., Mellon and Jakosky, 1995; Helbert et al., 2005).

1.4.Glaciers on Hecates Tholus

Many of the glacial marsforms are located at the flanks of the main volcanoes of the
Tharsis volcanic province. Arsia Mons, Ascraeus Mons, Pavonis Mons or Olympus Mons, show
lineated valley fills and lobated debris aprons at their northwestern flanks. This aspect-
restricted distribution of the glacial landforms has been interpreted as caused by local weather
conditions. The main predominant wind direction favors the snow accumulation on that flanks
and the formation of glaciers (e.g., Richardson and Wilson, 2002; Head et al., 2003; Head and
Marchant, 2003; Mischna et al., 2003; Fastook et al., 2005; Shean et al., 2005; Baker et al.,
2010).

The Elysium volcanic province includes the Elysium Mons, Hecates Tholus and Albor
Tholus volcanoes but, in contrast with Tharsis province, only Hecates Tholus shows any glacial
relief (Neukum et al., 2004; Hauber et al., 2005), may be related to the predominant wind
direction in the area (e.g., Neakrase et al., 2005). In this volcano, although lineated valley fills
and lobated debris aprons are the main evidences of glacial activity, other landforms such as a
radial channels network has been also related to an ancient ice cap on the volcano summit
(e.g., Mouginis-Mark et al., 1981, 1982; Gulick and Baker, 1989, 1990; Gulick et al., 1997; Zent,
1999; Gulick, 2001; Carr and Head, 2003; Fassett and Head, 2006, 2007, 2008). The glacial
origin of these channels by melting of a possible ice-cap or snowpacks has a terrestrial analog
at the Antarctic Dry Valleys (e.g., Head and Marchant, 2003), and it is in agreement with the
important role of magma-water interaction in the area (Mouginis-Mark et al., 1981, 1982,
1984; Mouginis-Mark, 1984, 1985). On the other hand, the existence of possible glaciers on

Hecates Tholus NW flank and ice caps on the volcano summit agrees with recent glacial activity
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on Mars during the last ice ages (e.g., Head et al., 2003, 2005; Neukum et al., 2004; Hauber et
al., 2005).

Focussing on the lineated valley fill and lobated debris aprons features on the NW
flank of Hecates Tholus, most of them are located inside the 2 nested depressions. One of
them is at higher altitude and it has been interpreted as a peripheral caldera resulting from of
an explosive eruption ~350 Ma ago (Neukum et al., 2004; Hauber et al., 2005; Werner, 2009).
The other one, at lower elevation, is more extensive and not indisputable origin has been
proposed (see de Pablo, 2009 for a brief discussion about different hypothesis about the
origin). Both depressions are filled by materials showing lineated valley fill and lobated debris
aprons, and their walls dissected by narrow and deep valleys, what marks the glacial activity

had an important role on the volcano flank sculpting.
1.5.Motivation, objectives and scope

Although general geological mapping and dating is already published (Greeley and
Guest, 1987; Tanaka et al., 1992, 2005; Neukum et al., 2004; Hauber et al., 2005; Werner,
2009), not detailed geomorphological studies about NW Hecates Tholus volcano flank, and
particularly on glacial forms, are still available. This is mainly due to the lack of high resolution
images with extensive coverage of the area. The recent images acquired by Context (CTX) and
High Resolution Imaging Science Experiment (HiRISE) instruments, of about 6 and 0.35 m/pixel
in resolution(respectively) make now possible to answer further questions about the glacial
processes on the lower NW flank of the Hecates Tholus (31.82N-33.082N, 148.372E-149.389E):
what are the glacial-related features existing in the area? How is their distribution? When they
formed? How many events were required to form them? In which climatic conditions they

formed? How was their evolution? Is there still any ice there?

The aim of this study is to provide an answer to these and other questions in to refine
our knowledge about the glacial events occurred at the lower NW flank of the Hecates Tholus
volcano because the big picture of the history of water, climate and geology of Mars starts
with very detailed studies such as this one. This target that can be expressed in the following

objectives:

1.- Geomorphological cartography (scale 1:100.000)
2.- Description of the geomorphological units and landforms.

3.- Age determination for the different geomorphological units and events.
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4.- Develop of an evolution model for the glacial episodes occurred in the area.
5.- Surface temperature characterization and ice-related thermal anomalies location.
6.- Analysis of Earth-Mars analogues on volcanic and glaciated areas.

A few details make this work different to any previous study on the subjects of glacial
forms, and about Hecates Tholus: (a) the detailed view of the glacial forms thanks to the use of
medium and very high-resolution resolution images recently available of the area. This study
includes the analysis of high and very high resolution images to produce the first detailed
(1:100.000) geomorphological map of the glaciated area, what is more detailed than any other
cartography previously made on Elysium volcanic region; (b) the detailed crater size frequency
distribution analysis to develop, most detailed and extensive crater counting made in the area,
thanks to the use of the medium-resolution images, but also because it is based on our own
geomorphological cartography; (c) the combination of geomorphological analysis and
cartography, and crater counting, to propose a model of the evolution of the glaciers in the
study area in a detail not previously reached; (d) the use of thermal analysis techniques that
provides evidences to locate possible buried ice bodies in the area, relict of the past glacial
activity, or still flowing; and (e) the comparative analysis of a terrestrial analogue what support
the existence of buried ice. All the information about the site to be included into the

international databases of Mars-Earth analogues is provided.
1.6. Data and methods

To successfully achieve the objectives previously described, a wide variety of data and
methods has been used, connected with the different objectives. Due to the wide variety of
methods, we do not describe them here in detail, and provide only an overview of the used
data, their properties, and cite the methods we used to achieve each objective. The detailed
and focused description of each corresponding data and methods is contained in the shown in
each chapter. However, the development of the present research was based on the use of a
Geographic Information System (GIS) supported by the use of ArcGIS software (by ESRI),
following the guidelines from the USGS Astrogeology section (e.g., Hare and Tanaka, 2000;
Hare et al., 2005, 2007; Dobinson et al., 2006).

Because this research if focused on the study of a relative small area, and trying to
observed small features and landforms, our base map is based on two images acquired by the
High Resolution Stereo Camera (HRSC) instrument on board of Mars Express (MEx) mission

from the European Space Agency (ESA). The resolution of these images is 12 m/pixel.
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Together with the images, we used an HRSC-derived digital elevation model (DTM),
that does not cover the complete study area (about 80%), but its 50 m/pixel in resolution is
higher than the globally available Mars Orbiter Laser Altimeter (MOLA) DTM, which resolution
is about 463 m/pixel.

We have used images acquired by the Context (CTX) instrument (Malin et al., 2007) on
board of Mars Reconnaissance Orbiter (MRO) from the National Aeronautics and Space
Administration (NASA) to carry out the geomorphological study of the area,. They were co-
registered by the use of the HRSC base images. The resolution of the images is about 6
m/pixel. The use of these images was fundamental for the development of the present
research, because they were not used previously to study glacial landforms on this region of
Mars. This was also the case of the images acquired by the High Resolution Imaging Science
Experiment (HiRISE) instrument on board of MRO spacecraft (McEween et al., 2002, 2003). The
resolution of these images is about 0.35 m/pixel. They were included into the GIS and only
position corrections to adjust them to the base HRSC and CTX images were required. These
images were also fundamental to the study of the glacial landforms in the area. The very high
resolution provided a new point of view, and many details were identified on them. Although
the global coverage of each HiRISE image is not small, only ten images of the area are available
at the time of the study. For that reason, other images were also used, such as the images
acquired by the Mars Orbiter Camera (MOC) instrument (Malin et al., 1991) on board of the
Mars Global Surveyor (MGS) mission, already finished. Although their resolution is about 2
m/pixel, they have a smaller footprint than HiRISE images, and their coverage of the study area

is not complete.

Additionally, in order to carry multiple-scale analysis of landforms and provide a
correct interpretation and to avoid incorrect interpretations (Chamberlain, 1897; Zimbelman,
2001), we also used images acquired by the Thermal Emission Imaging System (THEMIS)
instrument (Christensen et al., 2004; Saunders et al.,, 2004), on board of the, still in active,
Mars Odyssey (MO) mission of NASA. Images acquired in the visible (VIS) range of the
spectrum, have about 19 m/pixel in resolution, meanwhile infrared (IR) images have about 100
m/pixel. They were processes by the use of ISIS software (by the United States Geological
Survey). Those IR images were also used to derive surface brightness temperature and
decorrelation stretch images by the use of THMPROC on-line tool by the Arizona State
University. These products were used on the regional thermal and mineral composition

characterizations of the study area.
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Finally, ground penetration radar data acquired by the Shallow Radar (SHARAD)
instrument (Seu et al., 2007) on board of MRO mission were used to study the radargrams in
order to study the subsurface structure and support interpretations of geomorphological

features.

All those data were obtained through the official databases of NASA and ESA agencies,
but also throught the databases of the research teams of each instrument, as it will be
described below. Except MGS mission, all the missions that provided the used data are still
active while we write this lines. Databases were regularly checked in order to detect new
available data of the study area. When this occurred, the data were processed and added to
the GIS. However, the research was conducted only with the available images at the begins of

this work.

On the other hand, appart of those data here presented, other type of data could be
used (such as those acquired by CRISM, GRS, OMEGA, MARSIS, or TES instruments, among
others). However, a balance between their resolution, coverage and applications to the
research topics make us to discard their use. Other data and products were discarded because
they require resources to process them that were not available for us, such as the very high
resolution DTM derived from HiRISE instrument data, or the spectrometrical analysis of CRISM

data due.

All these data were included into the GIS, and manipulated in different ways,
depending of each particular research topic. Consequently, the exact methods used to reach
each objective are explained in detail in each section of this thesis. As a general advance,
spatial analysis tools were used to produce topographic profiles, shadow relief models, as well
as aspect, slope, ruggedness, or insulation maps. Maps algebra was also used, for example, to
derive Apparent Thermal Inertia, or analyze day/night thermal variations, or to sample tens of
surface temperature images. Special tools were also used to develop the impact crater
counting, such as Crater Tools 2 toolbar for ArcGIS, or the USGS image tools to help in image

manipulation.

Other computer tools and software used along the development of this research
included different scripts to process the data outside the GIS, such as PDS2GIS or ISIS2WORLD
perl scripts, and HRSC2GIS tool for image processing, CraterStats2 for crater size-frequency
distribution analysis and age derivation, Grapher 9 (by Golden Software) for plots production,

or Inkscape 0.48 to draw the models and figures presented in this document.
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1.7. About the thesis

Then, this work is structured into different chapters what include the results of each

research topic about the study area:

e Chapter 2: Geomorphological cartography (1:100.000). This chapter briefly describes

the data (fundamentally CTX images) and methods use to develop the
geomorphological mapping of the study area. This short technical chapter does not
include other results except the proper geomorphological map (included at full scale in

Appendix A.3)

e Chapter 3: Age and evolution. In this chapter the results from the impact crater

counting technique, crater size-frequency distribution, as mapped on CTX images,
applied to the main geomorphological units mapped in the study area are shown. A
detailed evolutive interpretation, including final resurfacing processes, follows the
obtained absolute ages, elevation and geomorphological observations. A model about
the evolution of the glacial processes in the study area along the last 3.5 Ga completes

this chapter.

e Chapter 4: Geomorphology and morphometry. A detailed description of each

geomorphological unit and elements mapped in the area, as well as other landforms
observed on MOC, HIRISE, CTX, and THEMIS (Vis and IR) is described here. On the
other hand, a morphometrical analysis of the topographic data and landforms is
described, as well as the implications of all the observations combined to discuss

different implications in the glaciers evolution in the study area.

e Chapter 5: Thermal characterization. This chapter contains the description and analysis

of surface temperature data, mainly derived from THEMIS-IR daytime and nighttime
images, of the study area. A thermal characterization of the different sectors of the
study area is discussed, as well as a description and interpretation of the day/night and
seasonal thermal behavior. The relation with topography, elevation, thermal inertia
and general mineral composition completes the characterization. Finally, thermal

anomalies in the area are described and a model to explain them discussed.

e Chapter 6: Mars-Earth analogues. The glacial-related landforms observed in satellite

images of the study area that were described on previous chapters characterize

posible debris-covered glaciers on Mars. Here, the hypothesis of the glacial origin of
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the described landforms is supported by the analysis of glacial-related features at the
pyroclastic deposits-covered glaciers on Deception Island (Antarctica), on the Earth.
After a detailed comparative description of the analogues, we discuss the implications
for the glaciers on Hecates Tholus, and provide all the required data to include

Deception Island in the international database of planetary analogues.

e Chapter 7: Discussion. This chapter contains a global discussion of the observations,

results and models to provide a general view of the glacial history of the volcano and
the posible state, on present time, of the debris-covered glaciers what could exist in
the area. Additional observations of glacial-related landforms are used to support the

discussion.

e Chapter 9: Conclusions. The last chapter summarizes the most important conclusions

derived from the different researches focused on the study of the lower NW flank of

the Hecates Tholus volcano of Mars.

Complementarily, we include the complete list of all the references cited in the text.
Finally, a number of appendixes (CD-Rom) include other important data used in this research
as the resulting files of the crater counting, or power law fitting, our own script for THEMIS-IR

images processing, and all the related publications derived from this research.

Note that each chapter works like an independent research paper. For that reason,
each chapter contains its own introduction to focus on its own research topic and providing
the necessary background and state of the art for the selected topic. Research area and data
and methods description is also presented in each chapter. This could seems reiterative but,
because the main topic of each chapter is different, variations on data usage and analysis
methods exist and they are detailed explained in the corresponding chapter to help to the
reader to follow the specific data processing and analysis. Only, the list of references has been

joined into a final section of the document to avoid excessive repetitions.

1.8. Related publications

A number of papers and abstracts have been published (or are under review) to show
the preliminary of final results of each research topic of this thesis. An outreach paper has

been also published showing the objectives and interest of the present research.
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Abstract:

Hecates Tholus (centered at 32.182N 150.289E), is a shield volcano in the Elysium
volcanic province, located in the Martian lowlands in the northern hemisphere. Images of this
volcano acquired by the Context Camera (CTX) instrument on board NASA’s Mars
Reconnaissance Orbiter spacecraft show many glacial landforms that have gone unnoticed by
previous authors. We present a geomorphological map of the lower northwestern flank of the
Hecates Tholus volcano, at 1:100,000 scale, based on the use and analysis of CTX images with a
resolution of 6 meters/pixel. The map is organized into a series of geomorphological units
(surface cover) and elements (located at a point, along a line or distributed over an area) in
order to provide a clearer understanding of the extent of glacial processes and the main
dynamic element of this Martian glacial complex.

Resumen:

Hecates Tholus (centrado en 32.182N 150.282E), es un volcan en escudo de la
provincial volcanic de Elysium, en las Tierras Bajas de Marte, en el hemispherio norte del
planeta. Las imagenes recientemente adquiridas por el intrumento Context (CTX) embarcado
en la misidn de la agencia NASA Mars Reconnaissance Orbiter muestra una gran diversidad de
formas glaciares que no han sido previamente descritas. En este trabajo se presenta un mapa
geomorfoldgico (escala 1:100.000) de sector inferior del flanco Noroeste del volcan Hecates
Tholus realizado a partir de las mencionadas imagenes CTX cuya resolucién es de 6 m/pixel. El
mapa muestra tanto en una serie de unidades geomorfolégicas en funcién de las texturas
superficiales observadas, como de elementos geomorfoldgicos (puntuale, lineales y areales)
con el fin de facilitar una vision clara de los extensos procesos glaciares que han afectado a la
este complejo glaciar de Marte.

Related publications:

de Pablo, M. A., Centeno, J. 2011. New observations of glacial features on the lower NW flank
of Hecates Tholus volcano (Mars) based on CTX and HiRISE images. Lunar and Planetary
Science Conference, 42. Abstract #1030.

Centeno, J.D., and de Pablo, M.A. 2011. Possible evidences of Ice Dynamics in the Putative
Glaciers at the Lower NW Flank of Hecates Tholus Volcano, Mars. Lunar and Planetary
Science Conference, 42. Abstract #1031.

de Pablo, M.A., and Centeno, J.D., 2012. Geomorphological Map of the Lower NW Flank of
Hecates Tholus Volcano, Mars. Lunar and Planetary Science Conference, 43. Abstract
#1098.

de Pablo, M.A. and Centeno, J.D. 2012. Geomorphological map of the lower NW flank of the
Hecates Tholus volcano, Mars. (scale 1:100,000). Journal of Maps, 8(3). 208-2014.
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2.1. Introduction

Hecates Tholus is the only large volcano outside the Tharsis region for which various
authors have found evidence of glacial activity — past or present. In addition, Hecates Tholus
has received less attention from the glacio-geomorphological perspective than the other large
volcanoes on Mars. Most of the main volcanic edifices on Mars show several features that
have been described as being produced by glacial processes (e.g., Williams, 1978; Lucchita,
1981; Zimbelman and Edgett, 1992; Head and Marchant, 2003; Shean et al., 2005; Milkovichet
al., 2006; Shean et al., 2007; Kadish et al., 2008). Olympus Mons, Arsia Mons, Ascraeus Mons
or Pavonis Mons are some examples of Martian volcanoes showing putative glacial features on
their flanks or in the nearby surrounding plains. However, all of these are located in the Tharsis
volcanic region. Some of the other large volcanoes on Mars, Elysium Mons, Hecates Tholus and
Albor Tholus, are located in the Elysium volcanic province (Figure 2.1), in the Martian lowlands
in the northern hemisphere. Of these three volcanoes, glaciers have been described only on
Hecates Tholus (e.g., Neukum et al., 2004; Hauber et al., 2005; Helbert et al., 2005; Fassett and
Head, 2006, 2007), while relief possibly related to the interaction of magma, water and ice
(such as sub-glacial volcanoes, mobergs, or chaotic terrains, among others) have been widely
described in the Elysium volcanic province and the surrounding area (e.g., Chapman, 2003;
Jaumman and Head, 2003; Nussbaumer, et al., 2004; Carr, 2006; Levy et al., 2009; Soare et al,
2009; Head et al., 2010; among others), marking the important role of water (probably also of

ice) in this region of Mars.

Identification and mapping of glaciers on Mars is more difficult (than on Earth) because
in all cases they are covered with glacial debris (dirty-ice) and the research is always
dependent on the observation of images. This led to a decades-long discussion about the
existence of glaciers on Mars (e.g., Zimbelman and Edgett, 1992; Shean et al., 2005; Carr,
2006). However, this discussion has been settled and glaciers have been identified. Head et al.
(2010) published a geomorphological guide to identifying landforms on Mars in high-resolution
images and many authors now accept the existence of glaciers throughout the history of the
planet, including in times as recent as 2.1-0.4 Ma during the Late Amazonian (e.g., Head et al.,

2003; Carr and Head, 2010; Fassett et al., 2010).

On the other hand, models of the evolution of glaciers (and especially changes in ice
thickness) have been built on the basis of geomorphological observations of the tropical

volcanoes on Mars, as well as on observations of ice deposits at different latitudes (e.g., Head
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et al., 2006a, 2006b, 2010). A wide variety of causes have been considered to explain the
location, spatial distribution and ice thickness of the geomorphological features on the flanks
and bases of the Martian volcanoes, including orbital, climatic and volcanic processes (e.g.,

Laskar et al., 2002; Laskar et al., 2004; Fastook et al., 2008; Wilson and Head, 2008).
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Fig. 2.1: (A) MOLA-derived topographic map of Mars showing the location of the
Elysium volcanic province (EVP); (B) MOLA-derived shaded relief map of EVP and
the location of Hecates Tholus shield volcano; and (C) Mosaic of THEMIS-IR
daytime images of Hecates Tholus volcano and the location of the mapped area
(shown in Figure 2.2).
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Hecates Tholus (Figure 2.1) is a shield volcano located at 32.18°N 150.28°E (MC-7
guadrangle), in the Elysium volcanic province of Mars, in the Martian lowlands in the northern
hemisphere. The edifice is about 8000 meters high above the surrounding plains (summit
located at about 4600 meters above the Martian Datum). It is slightly elliptic, being 170 x 190
kilometers in diameter at the base, although the lower southern flanks appear to be covered
by lava flows from the Elysium Mons volcano (e.g., de Pablo, 2009). Its most recent volcanic
episode seems to have occurred between 1000 and 100 Ma (Neukum et al., 2004; Hauber et
al., 2005), although it has had a long history of magmatic, tectonic and water-related
interactions (e.g., Mouginis-Mark et al., 1982, 1984; Gulick and Baker, 1989, 1990; Hauber et
al., 2005; Fassett and Head, 2006, 2007; Kangi, 2007; and others summarized in de Pablo,
2009).

As mentioned above, glacial features have been described previously on the flanks of
Hecates Tholus. Although a possible ice cap covering the highest part of the edifice has been
proposed (Fassett and Head, 2006, 2007), most of the glacial features are located on the NW
flank of the edifice (e.g., Neukum et al., 2004; Hauber et al., 2005; Helbert et al., 2005;), and
mostly on the lower part, related to a nested depression. The main area with glacial elements
are, first, an elliptical depression at the base of the volcano (40 x 30 km, SW-NE oriented), and,
second, a smaller depression (15 km in diameter) on the middle part of the flank. Following the
recent terminology proposed by Head et al. (2010), Lineated Valley Fill and Lobate Debris
Aprons have been observed in THEMIS-Vis (18 m/pixel), HRSC (12 m/pixel) and MOC (2
m/pixel) images, as described and mapped previously (e.g., Hauber et al., 2005). However, the
newly available high-resolution images from CTX and HiRISE instruments on board the NASA'’s
Mars Reconnaissance Orbiter (MRO) now provide sufficient resolution (6 m/pixel and 0.25
m/pixel, respectively) to produce a detailed geomorphological map of those glacial features

that could help to understand the glacial and geological history of this area.

The main target of our research was to produce a detailed (1:100,000 scale)
geomorphological map of a selected area (Figure 2.2) of the Hecates Tholus volcanic edifice
where glacial features are particularly abundant, the lower NW flank (31.8-33.082N, 148.37-
149.389E), using CTX images as the base map, since these provide sufficient spatial coverage
and resolution to enhance the study reported here. This map adds new information to the
previous regional thematic maps of Mars which include this volcano (e.g., Tanaka et al., 1992,
2005; Hauber et al., 2005). This map also provides a basis for future detailed geological and

geomorphological studies focused on understanding the geological and climatic history of this
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region of the planet and the possible relief related to magma, water and ice interactions, with
the aim of expanding on the results of previous extensive studies (e.g., Mouginis-Mark et al.,
1982, 1984; Mouginis-Mark, 1985; Mustard et al., 2001; Mustard, 2003; Carr and Head, 2010,

among others).
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Images: (left) BO6_011957_2127_XI_32N211W; (right) B04_011324_2128_XI_32N211W. Source: CTX/MRO/MSSS/NASA.

Fig. 2.2: Composition of CTX images of the study area used here to develop the geomorphological cartography.
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2.2. Data, methods and software

Mapping the geomorphological features of the lower NW flank of the Hecates Tholus
volcano of Mars was made possible through the analysis of high-resolution images from the
CTX instrument on board the MRO spacecraft (NASA: 2006—present). These images were
acquired in the visible to near infrared spectrum range (0.5-0.8 mm), with a resolution of
about 6 meters per pixel. We used a mosaic of two CTX images:
BO6_011957 2127 _XI_32N211W and B04_011324_2128 XI_32N211W. Although other CTX
images covering the study area are available we selected these two because of their high
quality (without errors or gaps). These images were obtained through the NASA Planetary Data
System (PDS: http://pds.nasa.gov/) and the Mars Space Flight Facility of Arizona State
University (ASU-MSFF: http://www.mars.asu.edu/).

During the mapping process, we also used other accessory data to improve our
understanding of the geological and geomorphological processes which have affected the
volcano. First, a nadir image acquired by the High- Resolution Stereo Camera (HRSC)
instrument on board the Mars Express (MEX) spacecraft (ESA: 2003 — present) was used as the
basis for co-registration of the CTX images, with a spatial error of 6 meters. Image H2907_0008
(50 m/pixel) was not used for mapping due to its lower spatial resolution compared to the CTX
images. We also used an HRSC — derived Digital Elevation Model (DEM), which provides
topographic information at 50 m/pixel in resolution (H1262_da4), although it does not cover
all of the study area. All these data were obtained through the ESA Planetary Science Archive
(ESA-PSA: http://www.rssd.esa.int) and the HRSC Team at the Free University of Berlin
(HRSC/FUB: http://hrscview.fu-berlin.de).

The base HRSC image (PDS-IMG in format) was processed using the ESA Mars Express
HRSC data to GIS converter (HRSC2GIS tool), developed by J. Oosthoek from the Geological
Survey of the Netherlands. Topographic data derived from the HRSC images were also
processed using the same tool. Then, the resulting projected HRSC image and HRSC-derived
DEM data were incorporated into a Geographic Information System developed for the study
area through the use of ArcGIS 9.3 (manufactured by ESRI company).We used this software to
derive shaded relief, slope and aspect maps, as well as a contour line map (equidistance of 100
m), useful both in the mapping process, and in the interpretation of the different mapped

geomorphological features.




Chapter 2
Geomorphological map

With the GIS, we used the Geographic Coordinate System Mars 2000 spheroid (Semi-
major axis: 3396190.0 m; Semi-minor axis: 3376200.0 m; Inverse flattening: 169.894) and the
Equidistant Cylindrical projection system with central meridian at 1808. Once the coordinate
and projection systems had been established, we included our selected data: the HRSC image,
HRSC-derived DEM, and CTX images. The HRSC image was used to manually co-register the CTX
image (JPG2000 in format) through the use of ArcGIS 9.3 tools, by including more than 400

control points for co-registration of both images.

2.3. Geomorphological elements and units

The geomorphological map (elements and units) of the lower NW flank of the Hecates
Tholus volcanic edifice is based on texture and relief, using terrestrial analogue sites, and
previous geomorphological maps of glacial areas (e.g., Hattestrand and Stroeven, 2002; Smith
et al, 2006; Kjaer et al., 2008; Evans et al., 2009). In addition, some of the geomorphological
features (such as impact craters, ridges, faults or channels, among others) have already been
included in the geological maps of Mars at different scales (e.g., Tanaka et al., 1992; de Hon et
al., 1999). In recent times, more detailed studies have been conducted of the Martian surface

using the high-resolution images provided by the last missions to Mars.

These studies have made it possible to identify and define more features, especially
those related to glaciers (e.g., Neukum et al., 2004; Hauber et al., 2005; Helbert et al., 2005;
Pacifici et al., 2009), and also to define and establish their possible origin (Head and Marchant,
2003; Head et al., 2003, 2006a, 2006b, 2010). Consequently, our geomorphological map is
based on previous common practices for geomorphologic mapping of Mars, the most recent

geomorphological criteria for glacial features, and terrestrial analogues.

We identified 18 geomorphological elements and 18 geomorphological units (Table
2.1), named in agreement with our interpretation (eskers, moraines, pingos, etc.) and classified
according to their origin (glacial, fluvial, impact, etc.). In other words, the geomorphological
units mapped here were classified and named according to their origin and main texture (e.g.,
smooth lava flows, rough slopes, etc.). These units represent terrain sectors characterized by
an association of geomorphological elements related to common genetic processes. Units are

marked on the map in different colors, with an acronym to identity them clearly on the map.

The map map also shows the relationship between units and elements according to
their origin (Table 2.1). However, some elements are only related to specific units with a

similar origin (e.g., crevasse element to glacier unit), meanwhile some other elements are
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widely distributed throughout all of the geomorphological units (e.g., impact crater or channel

elements).

The resulting geomorphological map (Figure 2.3.; Appendix A.3) of the lower NW flank
of the Hecates Tholus volcano (1:100,000 scale) contains a brief description of each unit, its
spatial distribution and geological/geomorphological interpretation, as well as an image of the

study area of each unit.

Table 2.1: Mapped geomorphological units and elements, and their interpreted origin.

Origin Units Elements
Volcanic Smooth outcrop

Smooth lava flow

Dissected lava flow

Rough lava flow

Patterned lava flow

Slope Slope deposit Scarp
Creep deposit Slope base ridge
Rocky slope
Rough slope

Smooth slope

Fluvial Badland Channel
Gulley sedimentary deposit Shallow channel
Terrace scarp

Periglacial Pingo

Glacial Roche moutonée Serac
Glaciar deposit Flute
Esker
Aréte
Morraine
Glacier erratic

Aeolian Dune field
Tectonics Graben
Alignment
Ridge
Impact Ejecta deposit Crater
Crater material Impact crater
Other Knobby terrain

Rugged terrain
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Figure 2.3: Geomorphological map of the lower NW flank of the Hecates Tholus volcano and map explanation (next
page).
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MAP EXPLANATION

Geomorphological units:

Volcanic

SMOQTH CUTCROP

Smooth, and rock outcrops.
Inside and forming some edges of the main depression
on the lower NW flank of the Hecates Tholus volcano.
: Anclent vokanic materiaks forming the lower part of
Hecates Tholus volcano, later mocdeled by putatve
glacial flows.

SMOOTH LAVA FLOWS

Regutar surface with abundant lobated scarps, with

rugged texture near the edges.

Plains surrounding the westem base of Hecates Tholus.

: Distal lva flows from Elfysium Mons vokano, flowed
surrounding Hecates Tholus volcana, with different

spatial erosion rates caused by fiuvial and impact processes.

DISSECTED LAVA FLOW

Irregular, heavily dissected terrain with smooth steps.
NW flank of the Hecates Tholus volcano.

: Lava flows forming the flank of Hecates Tholus, later
dissected by fluval, glacial and tectonic features.

ROUGH LAVA FLOW

Rough terrain on the lower western slope of the voicano,
partially covered by smooth materials.

Lower western flank of Hecates Tholus volcano.

Distal bwa flows from Hecates Tholus volcano, later
modified by tectonic, impact and fluvial processes.

PATTERNED LAVA FLOW

Irregular terrain on the middle part of the western slope
of the volcano, partially covered by smooth materals
oriented with a SW-NE pattern.

Lower western flank of Hecates Tholus volcano.

: Distal ava flows from Hecates Tholus volcano, later
modified by tectonic, impact and fluvial processes.

BADLANDS
Rough surface forming narrow valleys on upper part of
slopes.

Typically on the middle part of the slopes of the main
depression on the lower NW flank of the volcano.
: Erasion by diffuse superficial runoff on the slopes.

GULUE DEPOSIT

dark depose.
South-east-facing slopes of the main depression on the
lower NW flank of Hecates Tholus.

: Water-rich sediments from gulbies.

EJECTA DEPOSIT

Surface of variable texture {rough to smooth) around
impact craters, localty with radial pattern.

Surrounding Impact craters at different sites throughout
the area.

: Ejecta deposits from the impact craters.

Unitname:  CRATER MATERIAL

Description:  Rough materials filking impact crater slopes.

Distribution:  Inside the rounded depression of impact craters.

Interpretation: Undefined material of different origin, including
sedimentary, slope, fluvial, and volcanic, among others.

Geomorphological elements:

Glacial
CREVASSE FLUTE ESKER

Fluvial Tectonic
CHANNEL SHALLOW CHANNEL TERRACE SCARP GRABEN

Location of geomeor pholagical units (3 kem boses] and wherments |15 km o) samshes v show on the setsdlise image

Unit name:  SLOPE DEPOSIT
Description:  Irregular smooth terrain on high slopes, locally forming
dear cone-shaped deposits.
Distribution: Few scarps on the eastern edge of the main depression
on the lower NW flank of the Hecates Tholus volcano.
Interpretation: Sedimentary deposits formed by mass-wasting and other
4 slope movements ciearly related to high slopes.

Unit name:  CREEP DEPOSIT
Description:  Smooth and wavy terrain on the lower part of high slopes.
Distribution:  Eastern edge of the depressions on the lower NW flank
of Hecates Tholus volcano, always on west- and south-facing
high slopes.
deposits
high slopes.

by creep

Unitname:  ROCKY SLOPES

Printine rough terrain on the upper part of high slopes

and saarps.

Distribution:  Upper part of some scarps on the eastern adge of the nested
depressions on Hecates Tholus.

| Interpretation: pock outcrops on upper part of scarps and high slopes

inside the depression, and also in some craters.

Unit name:  ROUGH SLOPE
Description:  Unfeatured rough surface on high slopes and scarps generally
unfeatured.

Distribution: Upper part and head of the main scarps of the main valieys
and depressions on the lower NW flank of Hecates Tholus.

Interpretation: Rock outcrops heavily eroded by déferent processes, and
locally covered by sediments.

SMOOTH SLOPES

Undfeatured smooth surface on high slopes.

Distribution:  East- and south-facing slopes of the main valeys and
depressions on the lower NW flank of Hecates Tholus.

Interpretation: Undivided slope deposits.

Unit name:

Unitname:  GLACIER DEPOSITS
Description:  Smooth terrain with elongated scarps and lobate
structures.

Distribution:  Inside the main valleys on the western flank of the volcano,
and most of the floor of the depressions on this flank.

Interpretation: Dust-covered glacal and/or rocky glacial flowing inside the
main valieys toward the depressions, and also inside them.

ROCHES MOUTONEES

Smooth terrain with gentle slope and asymmetrical edges,

and clearly dissected by elongated, straight valleys.

Distribution: Near the edge, on the western inner part inside the main
depression on the lower NW flank of the voicano.

Interpretation: Rock outcrops heavily eroded by the action of an ancient

gladal tongue.

Unit name:
Description:

KNOBBY TERRAIN
Regular surface with abundant irregular hills and mounds
without clear orientation or patterns.

Upslope and by y the
lower NW flank of the Hecates Tholus wokano.
Materials of origin, inchuding impact ejecta and

wolcanic fall matesials among other possible origins.

Unitmame:  RUGGED TERRAIN

Description:  Rough surface with very irregular reliefs from hilks to
mounds, locally clearly oriented, and with chaotic patterns.

Distribution:  Nearest plains surrounding the western flank of the volcano.

Interpretation: Strongly rugged terrain formed by different materials of
different (including volcanic, fluvial, glacial, etc.} later
dissected by fluvial and tectonic processes.

Aeolian

GLACIAL ERRATIC SCARP SLOPE BASE RIDGE

DUNES FIELD

Periglacial

ALIGNMENT
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2.4. Conclusions

The 1:100,000 scale geomorphological map of the lower NW flank of the Hecates
Tholus, based on CTX images, shows that the studied area is rich in possible glacial features
(landforms, deposits, etc.), including moraines, covered glacial tongues (or possibly, rocky
glaciers), lineated deposits, eskers, drumlins, etc. It also reveals the existence of other
interesting relief related to several processes, including: tectonics (ridges, faults and graben, or
morphological alignments), fluvial and water-related (gullies, channels, or terraces), periglacial
(pingos), gravitational (mass wasting deposits or creeping slopes) and impact-related (impact

craters or ejecta deposits) forms.

All those features suggest a complex hydrological, climatic and geological history for
this volcano in very recent times, perhaps as recent as 0.4 Ma (Hauber et al., 2005). A detailed
analysis of each feature and its distribution will help to understand the geological evolution of
this area and the possible important role of climate, or how changes in climatic conditions may

have been responsible for the present surface characteristics.

This map provides a substantial amount of information about the existence and spatial
distribution of features not described in previous studies of this area, based on THEMIS-Vis,
HRSC (due to their lower resolution), or MOC (due to their low spatial coverage) images. We
hope this geomorphological map will inspire other thematic cartographies of the Martian
surface using CTX and HiRISE images, due to their high quality and usefulness for

understanding the geological evolution of the Red Planet.
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Abstract:

We present results of crater size—frequency distribution (SFD) analysis of the main 10
geomorfological units of the lower NW flank of the Hecates Tholus using images of the Context
instrument (CTX) of Mars Reconnaissance Orbiter mission. We derived absolute model ages for
the origin and the end of resurfacing events. Our results establish the origin of the Hecates
Tholus volcano at 3.8 Ga, with possible volcanic eruptions occurring at least until 335 Ma.
Glacial events could begin at 1.4 Ga, with glaciations dated at 90, 30 16, and 6 Ma, as well as
events related to the recent ice ages of Mars, between 2 and 0.4 Ma. The resulting ages, our
observations on CTX images and the geomorphological map imply that glacial-related
processes played an important role in sculpting this flank of the volcano. In addition, we
provide a reconstruction of the ice surface elevation of the glacial sheet in the main depression
of this flank, with altitudes ranging between ~2035 m and ~2490 m, in agreement with the
presence of smooth outcrops and roche moutonnées in the area. Finally, this chapter includes
a discussion on the evolution of this region of the Hecates Tholus, establishing the sequence of
the most important geological events which occurred in the area.

Resumen:

Mediante el uso de imagenes el instrumento Context (CTX) de la mission Mars
Reconnaissance Orbiter se ha realizado un analisis de la distribucion de frecuencias del
diametro de los crateres de impacto de las 10 principales unidades geomorfolégicas de la base
del flanco Noroeste del Volcan Hecates Tholus de Marte, obteniéndose edades absolutas para
el origen de dichas unidades asi como del final de los procesos de rejuvenecimiento que los
afectéd. Los resultados permites establecer el origen del volcdn en 3.800 Ma, aunque ha
podido tener erupciones hasta hace 350 Ma. Los eventos glaciares pudieron comenzar hace
1.400 Ma y han sido identificados y datados en 90, 30, 16, y 6 Ma, asi como en 2 y 0.4 Ma,
relacionados con las Ultimas edades del hielo. Estas dataciones y las observaciones
geomorfoldgicas permiten afirmar que el modelado glaciar jugé un papel importante en el
modelado de este sector del volcan, siendo posible incluso determinar la presencia de una
masa glaciar cuya altitud en el borde oeste de la depresién que caracteriza este sector oscild
entre ~2035 m y ~2490 m. Con todo ello, aqui se propone una posible evolucién para este
sector del volcan Hecates Tholus en la que se ubican los eventos mas importantes de su
historia geoldgica y de los eventos glaciares.

Related publications:

de Pablo, M.A., Michael, G.G., and Centeno, J.D. 2013. Age and evolution of the lower NW
flank of the Hecates Tholus volcano, Mars, based on crater size-frequency distribution
on CTX images. Icarus, 226. 455-469.
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3.1. Introduction

Hecates Tholus (32.122N, 150.242E) is a shield volcano of the Elysium volcanic province

of Mars, at tropical latitude (Figure 3.1). This volcano shows a complex evolution with spatial

interaction of tectonic, magmatic and water-related activity (e.g., Mouginis-Mark et al., 1982;

Neukum et al., 2004; Hauber et al., 2005; Williams et al., 2005; Fassett and Head, 2006, 2007;

Kangi, 2007). The age of Hecates Tholus volcanism ranges between 3800 and 100 Ma, which

implies this volcano was active in some way for 80% of the history of Mars (Tanaka, 1986;

Fig. 3.1: THEMIS-IR daytime mosaic of the Hecates
Tholus volcano of Mars (above), and CTX mosaic of the
study area (bottom), the lower NW flank of the
edifice. A and B indicate the two depressions which
characterize this flank.

Neukum et al.,, 2004; Hauber et al.,, 2005;
Werner, 2009; Platz and Michael, 2011;
Robbins et al., 2011). The different stages of
the volcano growth on this long-lasting system
must therefore have developed within
different climatic and regional tectonic settings
during the planet’s history that could have
influenced its evolution (e.g., Baker et al.,

1991, 2000 among others).

In fact, water had an important role in
the evolution of this edifice, indicated, for
example, by the clear radial channel network
on the flanks of the volcano (Mouginis-Mark,
et al., 1981, 1982), probably relatively young
(Gulick and Baker, 1989, 1990; Fassett and
Head, 2006, 2007, 2008), and the magma-
water interactions that characterize this region
of Mars (e.g., Mouginis-Mark et al., 1981, 1982,
1984; Mouginis-Mark, 1984, 1985). Although
some authors have suggested different origins
for these channels (e.g. volcanic origin
proposed by Williams et al. (2005)), the fluvial
origin seems to be the most feasible for most
of them, and different possibilities for the

origin of the water have been proposed: (1)




Chapter 3
Age and evolution

changes in martian obliquity and redistribution of water equatorward, as revealed by the
evidence of glacial landforms located near the martian equator (e.g., Jakosky and Carr, 1985;
Jakosky and Haberle, 1992; James et al., 1992; Carr, 1996, 2006; Richardson and Wilson, 2002;
Head et al., 2003, 2005; Head and Marchant, 2003; Mischna et al., 2003; Shean et al., 2005);
(2) geothermal melting of snow cap on the volcano (Gulick et al., 1997; Zent, 1999; Gulick,
2001; Carr and Head, 2003); (3) remobilization of volatiles during a degassing stage of this
volcano (Scott and Wilson, 1999); and (4) basal melting of snowpacks located on the flanks of

the volcano (Carr and Head, 2003; Fassett and Head, 2006, 2007,2008).

The glacial origin of these channels by melting of a possible icecap or snowpacks has a
terrestrial analog at the Antarctic Dry Valleys (e.g., Head and Marchant, 2003). On the other
hand, the existence of possible glaciers on Hecates Tholus NW flank and the evidence for
glacial retreat to be explained below is consistent with recent glacial activity on Mars (e.g.,

Neukum et al., 2004; Hauber et al., 2005).

This NW flank of the volcano (Figure 3.1) is characterized by a complex structure of
nested depressions, one of them at higher altitude that has been interpreted as a peripheral
caldera resulting from an explosive eruption ~350 Ma ago (Neukum et al., 2004; Hauber et al.,
2005; Werner, 2009). Images acquired by the different cameras on board the Mars Global
Surveyor, Mars Odyssey, and Mars Express missions, made it possible to recognize possible
glacial features inside those complex depressions (e.g., Neukum et al., 2004; Hauber et al.,
2005; Werner, 2009), and to confirm the important role of water and ice in the geological and
volcanic evolution of this volcano (e.g., Mouginis-Mark et al., 1982; Mouginis-Mark and
Christensen, 2005). For that reason, to conduct detailed studies about the glacial features
observed on the volcano, it becomes necessary to refine our knowledge about its glacial and
volcanic history, especially when new data are available thanks to the instruments on board
the Mars Reconnaissance Orbiter such as the Context (CTX) instrument, which provides images
at 6 m per pixel in resolution with a wider spatial coverage than the Mars Orbiter Camera

(MOC) and High Resolution Imaging System Experiment (HiRISE) images.

This region was geologically mapped in the global (Greeley and Guest, 1987) and
regional (Tanaka et al., 1992, 2005) geological maps of Mars. Recent works also include a more
detailed regional mapping (Neukum et al., 2004; Hauber et al., 2005) as well as a 1:100,000
scale geomorphological map (de Pablo and Centeno, 2012) of the western flank of Hecates

Tholus. This geomorphological map, based on CTX images and an HRSC-derived digital
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elevation model, shows a wide variety of glacial-related landforms and features concentrated

inside the complex depressions on the lower NW flank, as well as in the surrounding area.

However, to establish a geological, geomorphological and climatic history of this
volcano from this map requires dating the different terrains of the area, including those
possible glacial deposits. For that reason, the objective of this research is to make a crater-size
frequency distribution (from here SFD) analysis of the geomorphological units of the lower NW
flank of the Hecates Tholus volcano (on CTX images of the area), and to use the results to
derive their absolute ages. This work, the most extensive and detailed ever made in this area
due to the coverage and resolution of the used data, will complete the first dating works from
Neukum et al. (2004), Hauber et al. (2005), and Werner (2009), and provide the necessary
information to complete our knowledge about the possible volcanic, glacial, and fluvial

evolution of this martian volcano, and about the role played by water ice.

3.2. Methods

This study is based on the geomorphological map of the lower NW flank of the Hecates
Tholus volcano (de Pablo and Centeno, 2012), and we used the mapped geomorphological
units to carry out impact crater counts (e.g. Hartmann, 1973, 1984, 2005; Neukum and Hiller,
1981; Neukum, 1983; Neukum and Ivanov, 1994; Hartmann and Neukum, 2001; lvanov, 2001;
Werner and Tanaka, 2011) in order to date those units, using the results to establish the
possible evolution of the geological processes that formed and modeled the region. The counts
consisted of diameter measurements of all the impact craters observed on two Context (CTX)
images from Mars Reconnaissance Orbiter: BO4_011324 2128 and B0O6_011957_2127 (both of
them about 6 m/pixel in resolution), the same images used for the geomorphological mapping
of the area (de Pablo and Centeno, 2012), carried out within a Geographic Information System
environment (using the ArcGIS software from ESRI). We selected CTX images because they
cover the whole study area rather than small sectors, in spite of their slightly lower resolution
than HIiRISE or MOC images. The study area was the same as that contained in the
geomorphological map, and extends from 31.852N to 33.02N and from 148.39E to 149.32E
(Figure 3.1).

From all the mapped units, we used only a selection of them in this analysis (Table 3.1),
discarding those units related to high slopes, low areas, or both. Then, only the most
representative and important geomorphological units were selected for this work: smooth

outcrops (SO), smooth lava flows (SLF), dissected lava flows (DLF), rough lava flows (RLF),
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patterned lava flows (PLF), ejecta deposits (ED), glacier deposits (GD), roche moutonnée
terrains (RM), knobby terrains (KT), and rugged terrains (RT), following the nomenclature used

in de Pablo and Centeno (2012).

Table 3.1: Main geomorphological units of the lower NW flank of the Hecates Tholus volcano (from de Pablo and
Centeno (2012)) considered for the analysis of the crater size—frequency distribution (SFD) analysis.

Unit Name Description/interpretation

SO Smooth outcrop Smooth, undivided and unfeatured rock outcrops
Ancient volcanic materials forming the lower part of Hecates Tholus volcano, later
modeled by putative glacial flows

DLF  Dissected lava flow Irregular, heavily dissected terrain with smooth steps
Lava flows forming the flank of Hecates Tholus, later dissected by fluvial, glacial and
tectonic features

RLF Rough lava flow Rough terrain on the lower western slope of the volcano, partially covered by
smooth materials
Distal lava flows from Hecates Tholus volcano, later modified by tectonic, impact and
fluvial processes

PLF Patterned lava flow Irregular terrain on the middle part of the western slope of the volcano, partially
covered by smooth materials oriented with a SW—NE pattern
Distal lava flows from Hecates Tholus volcano, later modified by tectonic, impact and
fluvial processes

SLF Smooth lava flows Regular surface with abundant lobated scarps, with rugged texture near the edges
Distal lava flows from Elysium Mons volcano, flowed surrounding Hecates Tholus
volcano, with different spatial erosion rates caused by fluvial and impact processes

ED Ejecta deposits Surface of variable texture (rough to smooth) around impact craters, locally with
radial pattern
Ejecta deposits from the impact craters

GM Glacier deposits Smooth terrain with elongated scarps and lobate structures
Dust-covered glacial and/or rocky glacial flowing inside the main valleys toward the
depressions, and also inside them

RM Roches moutonées Smooth terrain with gentle slope and asymmetrical edges, and clearly dissected by
elongated, straight valleys
Rock outcrops heavily eroded by the action of an ancient glacial tongue

KT Knobby terrain Regular surface with abundant irregular hills and mounds without clear orientation
or patterns
Materials of undefined origin, including impact ejecta and volcanic fall materials
among other possible origins

RT Rugged terrain Rough surface with very irregular reliefs from hills to mounds, locally clearly
oriented, and with chaotic patterns
Strongly rugged terrain formed by different materials of different (including volcanic,
fluvial, glacial, etc.) later dissected by fluvial and tectonic processes

We used the 3-point method of the CraterTools software (Kneissl et al., 2011) for
ArcGIS to measure the diameter of each impact crater observed in the CTX images, and to
export the results to an ASCII file. We used the CraterStats2 software (Michael and Neukum,

2010) to plot and analyze the results.

In order to avoid artifacts as well as erroneous results in the SFD and the derived ages,
on the first hand, we measured only those circular structures that could be clearly interpreted
to be impact craters. We studied the images at different scales to be certain about the
interpretation (Zimbelman, 2001). On the other hand, we made two different clustering

analyses of the spatial distributions of mapped impact craters in order to exclude areas with
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possible secondary cratering. The first was a visual inspection of the CTX images to locate
possible areas with clusters of craters (Figure 3.2). The second was a randomness analysis of
the mapped impact craters by the use of randomness analysis tool from Michael et al. (2012),
applying both standard deviation of adjacent area (SDAA) and mean closest two neighbors
distance (M2CND) methods (with 300 iterations in each method). We applied this randomness
analysis to all the impact craters mapped on the whole area of each geomorphological unit

included in this study.

The results of these analyses
indicated that some ranges of crater
size showed a more clustered than
random spatial distribution on some
of the analyzed geomorphological
units. We observed that in several
cases the results were in agreement
with our inspection of the CTX images
and the visual location of possible
secondary cratering (Figure 3.2).
Taking into account the results of the
analyses as well as our observations
of the images, we selected 16 smaller
arbitrary areas (as far as possible

avoiding apparent clusters of impact

craters)  corresponding to 10
Fig. 3.2: Study area showing a possible secondary crater field in

the northern part of the study area (enclosed by the white dotted geomorphological units (Figure 3.2)

line), and the sector (white empty polygons) used for each main from the 18 units included into the

geomorphological unit of the area. Black lines represent the limits
of each geomorphological unit on the original map (modified from geomorphological map of this area
de Pablo and Centeno (2012)).

(de Pablo and Centeno, 2012). Then,
using the impact craters mapped inside each one of these 16 areas (Appendix A.1.), we made
new randomness analyses to verify that the crater configurations were consistent with being

random.

We finally derived both cumulative and differential SFD plots (Figure 3.3) using the
CraterStats2 software. Absolute ages were calculated using the same software fitting the SFD

curves on a differential frequency plot splitting the craters into 10 bins per logarithmic decade
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(Figure 3.3), because this type of plot is particularly well-suited to the study of highly
resurfaced units. In such a presentation, portions of the SFD which correspond to isochrons,
i.e. sequences of data points which lie parallel to the production function curve, can be seen
directly. This is an advantage over the cumulative presentation, where a resurfacing correction
must be applied. On the down side, it can be more difficult to establish the base age for a unit
because of the low number of craters per bin at the largest diameters, making these data
points noisier than in a cumulative presentation. For this work, we switched between the two

presentations to ensure that reasonable diameter ranges were selected for the isochron fits.

We derived the ages from the Hartmann and Neukum (2001) chronology function, the
Ivanov (2001) production function, and taking into account the Hartmann (1984) equilibrium
function. We fitted the age of each unit and, wherever it was possible according to the crater
SFD, we calculated the age of the end of resurfacing periods affecting each unit (Michael and
Neukum, 2010). Thus, in some cases we fitted more than one isochron to each SFD,

corresponding to the age of origin and/or the age of the end of a resurfacing event (Table 3.2).
3.3. Results

In general, the results from the randomness analysis (Figure 3.3) showed the analyzed
sectors to have populations which are not clustered, and in agreement with random
distributions with the exception of a small numbers of diameter bins on some units. Those bins
were excluded from any age-fitting procedure. We show these results together with their
corresponding SFD cumulative and differential plots (Figure 3.3). We fitted at least one
isochron to each differential plot, likely related to the age of origin with additional isochrons
for any resurfacing events affecting the SFD. The results of the randomness analysis and

isochron fitting are summarized in Figure 3.4.

SO unit: We analyzed three different and rather small sectors (between 4.2 and 6.5 km? in
area each one) where we measured 23 impact craters from 33 to 465 m in diameter.
Cumulative plots for each of them reveal that this unit is lightly cratered, especially at the
higher diameters, where the SFD shows bigger error bars. Clear isochron segments are not
distinguishable on them, except for the SO-3 area, where a short segment is recognized. The
randomness analysis diagrams show that the measured impact craters on the SO sectors are
randomly distributed. We use a threshold around the 3-sigma level to identify non-
randomness: not in a strict yes/no sense, but in combination with a visual inspection of the

spatial configuration within a diameter bin close to the threshold. This way, one can often
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understand the source of the result and decide whether there is indeed a bias in the
configuration caused by some geological process, or the configuration is simply ‘unusual’ but
random. We note that visually clustered populations are often indicated at levels as high as 5-

or even 10-sigma.

For sector SO-3, there were insufficient craters to develop this analysis. The low
numbers are also the reason for the presence of a data point above the Equilibrium function
line (Hartmann, 1984). In spite of the light impact cratering of this area, we fitted at least one
age for each sector, with ages ranging between 3.8 Ga and 32.1 Ma. In the case of the SO-1
sector, we were able to fit only one isochron corresponding to 1.4 Ga. The older isochrones we

fitted to sectors 2 and 3 are approximately similar at 3.4 Ga and 3.8 Ga, respectively.

DLF unit: We only analyzed one sector (about 56.5 km?) covering a small area of this terrain
inside the study region, avoiding possible clustering in the crater distribution. We measured 17
impact craters from 31 to 0.84 m in diameter. The SFD plot of this unit shows a wide range of
impact crater diameters. Steps on the curve are distinguishable both on the cumulative and
differential plots, which made it possible to fit four different isochrons to this curve. Those
isochrons mark ages ranging between 3.6 Ga and 440 ka, with intermediate ages of 806 Ma
and 107 Ma. Because of the low number statistics, it is not possible to conclude with certainty
that the history of this surface was made up of four events at these times: however, the
accumulation times can be interpreted to obtain an impression of when the resurfacing
activity was occurring. The randomness analysis reveals that the crater distribution is

consistent with being random.

RLF unit: The analyzed sector (covering an area of about 70.8 km?) also shows a wide range of
diameters of the 24 measured impact craters, from 23 to 570 m in diameter. Such as occurs on
the DLF Unit, some crater diameters are less frequent, forming gaps in the SFD cumulative
plot, and small steps in the curve are also visible. Those craters lie slightly towards the more
ordered direction in the randomness analysis, although still within the 3-sigma range to be
considered random. We fitted four isochrons to this SFD curve, returning ages from 3.4 Ga to

1.3 Ma. Intermediate fitted isochrones correspond to 415 Ma and 19.4 Ma ages.

PLF unit: The analyzed area (about 13.5 km?) of this unit contains 10 impact craters at CTX
image resolution, with diameters ranging between 56 and 177 m. The randomness analysis
reveals that their spatial distribution is consistent with being random. The SFD accumulative

plot shows a clear curve with small gaps and steps such as the SFD curves of previously
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described RLF and DLF units. We were able to fit only one isochron to this curve, returning an
age of 342 Ma. Observing the differential plot, we could not exclude other younger ages using

the craters with lower diameters, but we are not confident of the possible result.

SLF unit: We analyzed three different sectors (covering areas between 12.4 and 64.5 km?) of
this geomorphological unit in which we measured a total of 246 impact craters from 22 to 354
m in diameter. SLF-1 area shows a clear curve on the SFD cumulative plot as well as smaller
gaps than the previous described units. On the other hand, SLF-2 and SLF-3 sectors only show
partial curves related to the higher diameters. In all the three cases, the randomness analysis
returned a normal spatial distribution, neither ordered and nor clustered. We fitted at least
one isochron for each sector, with ages ranging between 2.35 Ga and 8.61 Ma. On Sector 1
(SLF-1), we were able to fit two isochrons returning ages of 724 Ma, and 8.61 Ma. We could
not discard the possibility of fitting two other isochrons with the available data, but we could
not be completely confident of the result. On Sector 2 (SLF-2) we only fitted one isochron
corresponding to 975 Ma. Finally, on Sector 3 (SLF-3) we fitted two isochrons corresponding to

2.35 Ga and 1.22 Ga.

GD _unit: We analyzed one sector (of about 163 km’® on area) corresponding to this
geomorphological unit where we measured 122 impact craters from 24 to 229 m in diameter.
The SFD cumulative curve shows a long and complex track with different steps and small gaps,
while the randomness analysis shows a configuration consistent with being random. The
differential plot made it possible to fit four isochrons to this distribution, corresponding to 61.9

Ma, 30.4 Ma, 16.2 Ma and 6.11 Ma.

RM unit: We analyzed two different sectors (with areas of about 5.81 and 9 km?, respectively)
of this geomorphological unit in which we measured a total of 15 impact craters from 24 to
190 m in diameter. The SFD cumulative plots show very different curves, mainly centered at
the lower diameter bins, but without a clustered spatial distribution, such as could be
interpreted from the randomness analyses. The SFD differential plots made it possible to fit
isochrones for each sector corresponding to very different ages: 16.8 Ma on Sector 1 (RM-1),

and 1.08 Ga and 72.8 Ma on Sector 2 (RM-2).

KT unit: The single sector analyzed (about 366.85 km?) of this geomorphological unit contains
43 impact craters, at CTX image resolution, with diameters ranging between 38 and 521 m.
They do not have clustered or ordered patterns in their spatial distribution such as were

derived from the randomness analysis. The SFD cumulative plot shows a curve from which we
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were able to fit, on the SFD differential plot, four isochrons corresponding to 335 Ma, 44.7 Ma,

4.96 Ma and 274 ka.

RT unit: The two analyzed sectors of this geomorphological unit (about 15.98 and 34.24 km?2)
show 22 impact craters from 24 to 272 m in diameter that we measured at CTX images
resolution. Both sectors show clear curves with small gaps in the crater diameter bins, but not
a clustered spatial distribution such as derived from the randomness analyses. The SFD
differential plot made it possible to fit different isochrons corresponding to 980 Ma and 31.1

Ma on Sector 1 (RT-1), and to 54.1 Ma, and 988 ka on Sector 2 (RT-2).

ED unit: Only one sector (about 20.57 km?), corresponding to the most extensive deposit, was
analyzed of this geomorphological unit. We measured 43 impact craters with diameters
ranging between 24 and 438 m, which do not show a clustered spatial distribution as revealed
by the randomness analysis. The SFD cumulative plot shows a clear curve marking a complex
evolution, although only we were able to fit only two isochrons on the SFD differential plot,

corresponding to 3.43 Ga and 3.87 Ma.

A summary of all these results is shown in Table 3.2 and Figure 3.4 which contains the
derived absolute ages of the different analyzed units. These ages ranges between 3.8 Ga and
less than 1 Ma. The older terrains correspond, following the nomenclature from de Pablo and
Centeno (2012) to the volcanic lava flows forming the NW flank of the Hecates Tholus volcano
(units DLF, and RLF) and the outcrops at the edge and inside the complex depressions
formation (unit SO), with ages ranging between 3.8 Ga and 3.4 Ga. Clearly younger are the
terrains inside the complex depressions, with ages ranging between about 62 Ma and 1.5 Ma.
The volcanic lava flows from the Elysium Mons volcano, which surround the Hecates Tholus
volcano in all the western part of the studied area, show ages of about 2.4 Ga. We could not
confirm that those ages reflect the formation age of each studied area, but the older age we
could fit to the SFD by the measured impact craters. On the other hand, all the analyzed
sectors (except SO-1 sector) show at least one younger age corresponding to the end of
resurfacing events which modified the crater population (Michael and Neukum, 2010). In some
cases, especially in the youngest, the resulting ages may be times where the processes were

more intensive during a long-lasting resurfacing interval, rather than distinct events.
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Figure 3.3: Results from randomness analysis and cumulative and differential crater size—frequency distribution
(SFD) plots for selected sectors of the main geomorphological units (Table 3.1) mapped by de Pablo and Centeno
(2012). [Continue...]
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Table 3.2: Summary of crater counting measurements and isochrons fitted to the crater size—frequency distribution
(SFD) for the different geomorphological units analyzed.

Unit  Crater counting Crater SFD Isochrons fitting
Sector Area; Measured craters Age (Ga) Used crater: N(1)
(hem') n. Dmin  Dmax Age (+) (-) n. Dmin  Dmax  N(1) (+) (-)

SO SO-1 421 13 0.033 0.166 1.44 0.82 7.03E-04 4 0.125 0.225 7.03E-04 4.02E-04 4.02E-04
SO-2 6.45 7 0.052 0.311 343 0.17 2 4 0.19 0.325 2.37E-03 1.66E-03  1.66E-03
0.489 0.48 0.48 2 0.12 0.2 2.38E-04  2.36E-04 2.36E-04
SO-3 3.13 3 0.048 0.465 3.81 0.11 3.6 1 0.3 0.5 1.14E-02 1.13E-02 1.13E-02
0.0321 0.032 0.032 2 0.05 0.09 1.57E-05 1.55E-05 1.55E-05
DLF DLF 56.5 17 0.031 0.838 3.6 0.12 1.2 3 0.4 1 3.93E-03  2.75E-03 2.75E-03
0.806 0.4 0.4 6 0.22 0.3 3.93E-04 1.95E-04 1.95E-04
0.107 0.061 0.061 4 0.126 0.2 5.23E-05 2.99E-05 2.99E-05
0.00044  0.00044 0.00044 3 0.025 0.05 2.14E-07  2.12E-07 2.12E-07
RLF RLF 70.83 24 0.023  0.569 3.42 0.22 34 1 0.5 0.6  2.29E-03  2.26E-03  2.26E-03
0.415 0.29 0.29 3 0.2 04 2.03E-04 1.42E-04 1.42E-04
0.0194 0.0086 0.0086 6 0.06 0.16  9.44E-06 4.18E-06 4.18E-06
0.00134  0.00077 0.00077 5 0.035 0.05 6.53E-07 3.73E-07  3.73E-07
PLF PLF 13.46 10 0.056 0.177 0.342 0.24 0.24 3 0.12 0.2 167E-04 1.17E-04 1.17E-04
SLF SLF-1 64.55 96 0.024 0471 0.724 0.17 0.17 36 0.13 0.5 3.53E-04 8.24E-05  8.24E-05
0.00861 0.0021 0.0021 36 0.035 0.08 4.20E-06 1.01E-06 1.01E-06
SLF-2 12.44 23 0.022 0.17 0.975 0.43 0.43 9 0.13 0.25 4.75E-04 2.11E-04 2.11E-04
SLF-3 35.63 127 0.027 0.354 2.35 0.78 0.95 5 0.25 0.3 1.14E-03 4.62E-04 4.62E-04
1.22 0.25 0.25 33 0.13 0.25 5.93E-04 1.22E-04 1.22E-04
ED ED 20.57 43 0.024 0.438 343 0.14 1 6 0.26 045 2.33E-03  1.15E-03  1.15E-03
0.00387 0.0017 0.0017 6 0.03 0.06 1.89E-06 8.35E-07  8.35E-07
GD GD 163.25 122 0.024 0.229 0.0619 0.043 0.043 3 0.16 0.27  3.02E-05 2.11E-05 2.11E-05
0.0304 0.0087 0.0087 17 0.08 0.155 1.48E-05 4.23E-06 4.23E-06
0.0162 0.0033 0.0033 33 0.05 0.075 7.90E-06 1.63E-06 1.63E-06
0.00611 0.001 0.001 53 0.03 0.05 2.98E-06 4.99E-07 4.99E-07
RM RM-1 5.81 6 0.024 0.058 0.0168 0.012 0.012 4 0.035 0.07 8.20E-06 5.74E-06  5.74E-06
RM-2 9 9 0.047 0.19 1.08 0.76 0.75 2 0.15 0.2 5.26E-04 3.68E-04 3.68E-04
0.0728 0.042 0.042 4  0.065 0.11  3.55E-05 2.03E-05  2.03E-05
KT KT 366.85 43 0.038 0.521 0.335 0.19 0.19 7 0.26 0.65 1.63E-04 9.32E-05 9.32E-05
0.0447 0.18 0.18 11 0.13 0.24  2.18E-05 8.81E-06 8.81E-06
0.00496 0.02 0.02 10 0.065 0.1 2.42E-06 9.78E-07 9.78E-07
0.000274  0.00014 0.00014 5 0.03 0.05 1.34E-07 6.62E-08  6.62E-08
RT RT-1 15.98 10 0.031 0.272 0.98 0.97 0.97 2 0.22 0.3 4.78E-04 4.73E-04 4.73E-04
0.0311 0.022 0.022 3 0.06 0.11 1.52E-05 1.06E-05 1.06E-05
RT-2 34.24 12 0.024 0.143 0.0541 0.031 0.031 6 0.08 0.17  2.64E-05 1.51E-05 1.51E-05
0.000988  0.00069 0.00069 3 0.025 0.05 4.82E-07 3.37E-07 3.37E-07
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Figure 3.4: Summary of all ages obtained by the analyses of crater size—frequency distribution for the most
important geomorphological units at the lower NW flank of Hecates Tholus volcano (Table 1), in the Ivanov
(2001) and Hartmann and Neukum (2001) age system, as shown in Werner and Tanaka (2011) (see Figure 3.2).

SO: Smooth outcrop unit; DLF: Dissected lava flow unit; RLF: Rough lava flow unit; PLF: Patterned lava flow unit;

SLF: Smooth lava flow unit; ED: Ejecta deposits unit; GM: glacier deposits unit; RM: Roches moutonées unit; KT:

knobby terrain unit; RT: Rough terrain unit (Table 3.1).

3.4. Discussion: volcanic and glacial evolution

3.4.1. Ages interpretation

The here derived ages for the geomorphological units forming the lower NW flank of

the Hecates Tholus volcano ranges between 3.8 Ga and less than 1.0 Ma, marking a long

evolution of this volcano, with at least some processes capable of flank resurfacing (Figure 3.3;
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Figure 3.4). The ages we suggest are in general agreement with the ages proposed by other
authors for the volcanic and glacial activity in this volcano (e.g., Neukum et al., 2004; Hauber et

al., 2005; Werner, 2009; Robbins et al., 2011).

The older ages correspond to SO, DLF and RLF volcanic units, at 3.8 Ga, 3.6 Ga and 3.4
Ga respectively. These ages are in agreement with the origin of the volcanic edifice proposed
by other authors and the volcanic activity in the Elysium rise (e.g., Tanaka et al., 2005; Werner,
2009; Platz and Michael, 2011; Robbins et al., 2011; Pasckert et al.,, 2012 and references
therein) The SO unit located at the base of the volcano could represent outcrops of the older
lava flows forming this volcano; meanwhile the RLF and DLF units could represent younger lava
flows since they are located at the middle part of the flank. These date the origin of this
volcano at least at 3.8 Ga, in Late Noachian (following the conversion of the Tanaka (1986)
epoch boundaries using the Ivanov (2001) and Hartmann and Neukum (2001) chronology). The
SO, DLF and RLF units also show other crater retention ages from 800 Ma to less than 1Ma
(Figure 3.3; Figure 3.4), marking different events of resurfacing, which could include volcanic
activity (e.g., Dohm et al., 2001; Anderson et al., 2001; Tanaka et al., 2003, 2005). The DLF area
corresponds to the Fd unit mapped by Neukum et al. (2004), who obtained an age of 930 Ma,

which, in our opinion, is comparable to the 800 Ma age we obtained for a resurfacing process.

Another volcanic unit in the area (in agreement with de Pablo and Centeno (2012)
interpretation), the PLF unit, shows a younger age of about 340 Ma (Late Amazonian). This unit
is located at the higher part of the studied volcanic flank, so the natural interpretation is to
relate this unit to more recent lava flows from the volcanic caldera on the edifice summit.
However, we could not exclude that this age, very different (early Late Amazonian) from the
other volcanic units previously discussed (Late Noachian to Late Hesperian), could represent
the end of a resurfacing process later than the time of the origin of this unit. CTX images of the
surface of this mapped unit show that it is covered by fine-grained material with a complex
morphology and a clear pattern, which could support this interpretation of an older origin for
this unit with later resurfacing. In fact, this age is similar to the 335 Ma we obtain for the KT
unit, and the age of 350 Ma obtained by Neukum et al. (2004), Hauber et al. (2005), and
Werner (2009) for the same area, which they interpret to be pyroclastic material from a lateral
volcanic eruption. Thus, we interpret the PLF unit to be an older unit, later covered by

pyroclastic material during one or more explosive volcanic eruptions around 335-350 Ma.

On the other hand, the SLF unit, which represents the distal lava flows from the

Elysium Mons volcano surrounding the base of the Hecates Tholus edifice (Tanaka et al., 1992,
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2005), shows an age of about 2.3 Ga (Early Amazonian). This is slightly younger than the
volcanic units forming the lower flank of the Hecates Tholus edifice (SO, DLF, and RLF units),
which is in agreement with the age proposed for the volcanic activity in the Elysium Mons
volcanic edifice and surrounding plains, between 3.4 Ga and 630 Ma (Dohm et al., 2001;
Anderson et al., 2001, 2004; Tanaka et al., 2003, 2005; Pasckert et al., 2012 and references
therein). On the other hand, the observation on the CTX images of the lava flows bordering the

Hecates Tholus volcano support this relation between the ages.

In spite of this observation, the SLF unit has different ages depending on the studied
sector (Table 3.2; Figure 3.3; Figure 3.4). Some sectors show younger ages of about 975 Ma
(SLF-2) and 725 Ma (SLF-1), which is early to middle Middle Amazonian, but these ages are still
inside the proposed limits for the volcanic activity on the Elysium Mons volcano (e.g., Werner,
2009; Pasckert et al., 2012). However, those lava flows are more distal than the older one (SLF-
3). For that reason, in our opinion, these ages (on SLF-1 and SLF-2 sectors) could represent
either the age of the lava flows’ formation or the age of the end of resurfacing processes based
on the DLF unit, which also shows an age of about 800 Ma for a resurfacing event (Table 3.2;
Figure 3.3; Figure 3.4). In fact, SLF-3 also shows a resurfacing age, although somewhat older, of
about 1.2 Ga, supporting the occurrence of different processes that could have modified the

impact crater population on the unit over time.

Finally, the presence of possible secondary cratering (Figure 3.2) and the observed
fine-grained mantle covering some parts of these plains could confirm this interpretation. The
SLF unit forms the surrounding plains of the Hecates Tholus edifice but is separated from this
volcano by the RT unit (Figure 3.2). The age of the RT unit ranges between 980 Ma (RT-1) and
54 Ma (RT-2). The geomorphological map of the area (de Pablo and Centeno, 2012) relates this
unit to materials of different origins (including glacial, volcanic, and fluvial) later modified by
different processes (fluvial, tectonics, etc.). The ages we obtained by the crater SFD analysis
could support this interpretation since the age of RT-1 sector is similar to the age of the end of
resurfacing event on the SLF-1 sector. Since this unit is nearest to the Hecates Tholus volcano,
RT-1 and SLF-1 could be the same materials (lava flows), but later modified by different
processes. Because the RT-1 sector is nearest to the base of the volcano, it could be later
covered by other materials (including fluvial sediments, glacial deposits, pyroclastic materials,
etc.), resulting in a younger age derived from the SFD. The age derived for SLF-2 of 975 Ma

could confirm this interpretation.
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A similar scenario could be applied to RT-2 sector, although its relation to the SLF-3
sector is not as clear. However, the age of 54 Ma is comparable to other resurfacing ages of
other units in the area (such as the GD unit, with a resurfacing age of 62 Ma). For that reason,
in our opinion, this unit only reflects ages of resurfacing events but not the formation age. In
fact, sector RT-1 shows a similar resurfacing age of 31 Ma, as well as other units such as GD (62

Ma and 30 Ma), RM (72 Ma) or SO (32 Ma) units, which could support this scenario.

The last main unit on the flank of the volcano is the KT unit. Its SFD-derived age is
about 335 Ma (early Late Amazonian). This age is comparable to that derived by Neukum et al.
(2004), Hauber et al. (2005) and Werner (2009) by the use of HRSC and MOC images: about
300-350 Ma. Moreover, we obtained other ages of 45 Ma, 4.9 Ma and 270 ka that could be
related to the end of different resurfacing events ages which could be the same processes or
events that produced the resurfacing of GD unit, due to their comparable ages of 30 Ma and 6
Ma obtained in our crater SFD analyses and by Neukum et al. (2004) and Hauber et al. (2005).
The geomorphological map of this area (de Pablo and Centeno, 2012) does not describe a
possible origin of the KT geomorphological unit, although Hauber et al. (2005) interpret this
unit such as pyroclastic material from a volcanic explosion in the NW flank of the Hecates
Tholus. They favor a volcanic origin of the smaller and higher depression located in this flank of
the volcano (named depression A in Hauber et al., 2005) based on geomorphological,
stratigraphical and topographical evidence (Mouginis-Mark et al., 1982; Hauber et al., 2005).
However, the surface of this unit is composed of complex chaotic blocks and some linear or
streamlined or elongated forms, which could be caused by different processes including
episodic runoff, which itself may be caused by melting of snowpacks on the volcano summit
(Carr and Head, 2003; Fassett and Head, 2006, 2007, 2008). This would beconsistent with the

resurfacing ages we obtained.

Depression A and the other (extensive) depression on this flank (Figure 3.1) of the
volcano (named depression B in Hauber et al., 2005) are filled by the GD unit. This unit was
interpreted to be different types of glacial deposits by Neukum et al. (2004), Hauber et al.
(2005) and de Pablo and Centeno (2012). We obtained an age of 60 Ma for this unit. This age is
comparable to the age obtained by Neukum et al. (2004) for some sectors of this depression:
50 Ma. We also obtained ages of the end of resurfacing events at 30 Ma, 16 Ma, and 6.0 Ma
(early to middle Late Amazonian) (Table 3.2; Figure 3.4; Appendix A.1.). These ages are in
agreement with the ages obtained by Hauber et al. (2005) based on crater counting on HRSC

and MOC images: 95 Ma, 25 Ma, 15 Ma, and 5.0 Ma. The older age obtained by Hauber et al.
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(2005) is comparable to that obtained by Neukum et al. (2004) for some sectors of the same
materials filling the depression. These multiple ages of resurfacing are compatible with the
“multiple successive stages of advance and retreat” during the Late Amazonian epoch

proposed by Fastook et al. (2008) for the cold-related environments.

Although no hypothesis about the origin of depression B is provided, the three
research teams interpret the materials filling depression A and depression B to be possible
glacial deposits, including moraines, meltwater channels, drumlins, proglacial braided outwash
plains, etc. (Neukum et al., 2004; Hauber et al., 2005; de Pablo and Centeno, 2012). Some of
their described features are also in agreement with the morphologies recently described by
different authors to be glacial features on other regions of Mars (e.g., Whalley and Azizi, 2003;
Head et al.,, 2005, 2006a,b; Morgan et al., 2009; Pedersen and Head, 2010; Fassett et al.,
2010). In fact, the RM unit was also interpreted to be a glacial-related feature (roche
moutonnée) by de Pablo and Centeno (2012), and we obtained a wide range of ages for this
unit. The older age we obtained, 1.0 Ga (on sector RM-2) (Middle Amazonian), could reflect
the age of the origin of these materials, meanwhile the younger ages of 73 Ma (RM-2) and 17
(RM-1) (middle Late Amazonian) are in agreement with the ages we obtained for the GD unit
confirming both units were affected by the same process in the same epoch. The older age
could be comparable, in our opinion, with the age of other volcanic units we previously
discussed, such as the SO and DLF units. The geographic location of the RM unit at the edge of
depression B and the base of the volcano (Figure 3.2) allows us to interpret that those
materials are the old volcanic materials forming Hecates Tholus, later sculpted by glaciers that
could fill and flood over the NW edge of depression B. Glacial landforms (such as eskers)
mapped on the area (de Pablo and Centeno, 2012), and the ages we obtained for sector RT-1
outside depression B of 30 Ma agree with this hypothesis and the ages we obtained for GD and
RM units. Moreover, the old age of 1.0 Ga returned by sector RM-2 is also compatible with the
existence of old episodes of glacial activity, as old as Late Noachian, such as proposed by

Clifford and Parker (2001) to occur in equatorial latitudes of Mars.

Finally, we paid attention to one ejecta deposit (ED unit), located at the SW of the
study area, because it is the most extensive ejecta deposit in the mapped area and its location
at the edge of depression B could help to date the formation of this depression, which has not
been done before. The ages we obtained for the ED unit are 3.4 Ga (Early Amazonian), and 3.9
Ma (Late Amazonian). Thus, the ejecta deposit is as old as the Hecates Tholus volcano, but still

slightly younger than the SO, DLF and RLF units, interpreted to be the volcanic materials
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forming the edifice. The ejecta deposit returns an age older than the lava flows surrounding
the edifice (SLF unit), but a visual analysis of CTX images and HRSC-derived DTM did not allow

us to establish clear cross-cutting relationships between them.

Assuming an age of 3.4 Ga for the ejecta deposit, and consequently, for the associated
impact crater, the age of the main depression in this flank of the volcano (depression B),
should be greater, because the images show how the impact crater structure cuts the southern
wall of the depression (Figure 3.1). Ejecta deposits from this impact crater were not recognized
on CTX images inside depression B, because, if this deposit existed, it was later modified,
buried or eroded by other processes, including those forming the possible glacial deposits
forming the GD unit. Thus, depression B should have formed after 3.8 Ga, which is the age of
the exposed outcrops forming the SO unit inside the depression (sector SO-2), but also after
3.6 Ga, which is the age of the DLF unit that forms the NE edge of depression B, and before 3.4
Ga which is the age of the ejecta deposit forming the ED unit. If this deduced chronology is
correct, depression B could have formed between 3.6 and 3.4 Ga ago, before depression A was
formed. Another scenario in which both depressions formed at approximately the same time is
not possible from our point of view, because in this case, the edge of both depressions should
be as intricate as that of depression B, due to the fluvial and glacial processes (e.g., Mouginis-
Mark et al., 1982, 1984; Neukum et al., 2004; Hauber et al., 2005; Fassett and Head, 2006).
Nevertheless, Werner (2009) postulates that depression B is younger than depression A,

although evidence was not provided or cited.

In any case, we cannot approach the possible origin of depression B, which could
include volcanic explosive activity (e.g., Mouginis- Mark et al., 1981, 1982; Walter and Troll,
2001; Greeley et al., 2005; Hauber et al., 2005), landslides on the flank of the volcano (e.g.,
Dingle, 1977; Oehler et al., 2005; Vanneste et al., 2006; Neuffer and Schultz, 2006), volcano
deformation and instability (e.g., Thomas et al., 1990; van Wyk de Vries et al., 2000; Lépez and
Williams, 1993; McGuire et al., 1996; van Wyk de Vries and Matela, 1998; Reid et al., 2001;
Lundgren et al., 2003; Neri and Acocella, 2006), hydrothermal activity (e.g., Lépez and
Williams, 1993; Russell and Head, 2003) volcano—ice interactions (e.g., Mouginis-Mark, 1984,
1985; Smellie and Chapman, 2002; Russell and Head, 2007), etc., such as discussed by de Pablo
(2009). All those scenarios in which water could have played an important role are possible
taking into account the fact that this volcano grew at the coast of the Oceanus Borealis
watersheet or icesheet (e.g., Parker et al., 1993; Chapman, 1994; Clifford and Parker, 2001;

Fairén et al., 2003; Head and Wilson, 2007), the important role of magma—water interactions
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described in the surrounding area, such as is the case for the Galaxias Chaos chaotic terrain
(e.g., Mouginis-Mark, 1984, 1985; de Hon et al., 1999; Russell and Head, 2007; Pedersen and
Head, 2011), among other processes related to the volcano structure, evolution and

hydrothermal characteristics.

Other geomorphological features also provide key information to sequence the
formation of the depressions: the valleys on the flank of the volcano (Mouginis-Mark et al.,
1982, 1984; Mouginis-Mark, 1985; Gulick and Baker, 1989, 1990; Hauber et al., 2005; Fassett
and Head, 2006). These channels radial to the volcano summit have ages consistent with Late
Hesperian (Plescia, 2000, 2001; Fassett and Head, 2006, 2007), and different origins have been
proposed for them, including: fluvial (Mouginis-Mark et al., 1992; Gulick and Baker, 1989,
1990; Hauber et al., 2005), pyroclastic flows (Mouginis-Mark et al., 1982), lava flows (Williams
et al., 2005), or geothermal melting of snow packs (Gulick et al., 1997; Zent, 1999; Gulick,
2001; Shean et al., 2005; Fassett and Head, 2006). Since snow/ice could have been present at
middle and equatorial latitudes as early as Late Noachian (Clifford and Parker, 2001; Head et
al., 2005), and the geothermal activity could also cause the formation of channels on the flanks
of the volcano in a cold and dry climate (e.g., Gulick, 1998; Carr and Head, 2003; Fassett and
Head, 2006), we believe that those channels could be very old, especially if we take into
account their variable engagement, probably due to the modifications on the volcano (e.g.,
Fassett and Head, 2006; Byrne et al., 2009a,b). In any case, the enlargement of some of those
channels leading to depression B has been related to glacial processes in more recent times
(Hauber et al., 2005). They also observed (1) two different valley directions, one of them (set A
on Hauber et al. (2005)) related to fluvial activity prior to depression B’s formation because
their paths are not modified or relatively far from its edge (unmodified channels in Figure 3.5),
and the other (set B on Hauber et al. (2005)) related to path modification toward this
depression (modified channels in Figure 3.5); and (2) how some valleys to the east of
depression B are cut by this depression (cut channels in Figure 3.5). Additionally, we also
observed how some of those channels located near the northern edge of depression B do not
have heads (headless channels in Fig. 4), because the valleys are cut by the depression. Finally,
other channels have enlarged valleys (enlarged channels in Figure 3.5). Those observations
point to depression B not forming prior to the volcano’s growth, but sometime during the
evolution of the edifice, such as we interpreted previously based on the ages we obtained by
crater SFD analysis. Hauber et al. (2005) propose that those channels had a fluvial origin with

continual activity, in contrast to the snowpack melting origin and episodic activity proposed by
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Fassett and Head (2006). Then, it is not possible to date the origin of this depression by their
observations, but our proposal of an age of 3.6-3.4 Ga (such as we discussed previously) is

compatible with both models and their geomorphological observations.
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Fig. 3.5: CTX mosaic of the northern sector of the study area showing the limits of the main geomorphological units,
and the HRSC-derived topographic contour lines (equidistance 100 m). Arrows marks examples of the different
channels types discussed in the text: unmodified, modified, headless, enlarged and hanging. White squares mark
some altitudes representative of the outcrops, valleys floors and depression B floor. A topographic profile along the
edge of depression B (white dotted curve) is represented below, marking the position of the hanging valleys what
marks the higher levels (~2040 m, ~2140 m, ~2310 m, and ~2490 m) of a possible ancient glacier through time,
supporting the interpretation of an extensive and long-lasting glacier filling depression B, such as deduced by the
ages obtained by crater SFD.

Hauber et al. (2005) proposed the glacial-related process overflood of the NW edge of
depression B. The geomorphological map of the area from de Pablo and Centeno (2012)
confirms it by the RT unit and the eskers they mapped in it, extending the glaciers’ presence
outside the depression covering the lava flows surrounding the volcanic edifice not later than
31 Ma ago, which is the resurfacing age of this area (sector RT-1). 30 Ma is also the age of one

of the resurfacing events of the GD unit filling depressions A and B, and 32 Ma the resurfacing
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age of some outcrops of the SO unit (sector SO-3). We could deduce from these ages that the
maximum extent of the glaciers in this area filling depressions A and B started to reduce at 32
Ma, exposing to the atmosphere a 3.8 Ga old surface (sector SO-3), forming a nunatak-like
relief. Related to this event, a retreat of the glacier front leaving a rugged terrain outside the
depression (sector RT-1) and exposing eskers should also occur. However, this is probably not
the first reduction of the ice sheet to have occurred in this area, since the RM unit formed by
glacier erosion and was later exposed probably about 73 Ma ago (sector RM-2), after the
glacier stabilization at about 62 Ma, the age of the GD unit. The age we obtain by SFD analysis
of the KT unit of 45 Ma could also be related to glacial activity, as well as the age of about 5
Ma, similar to the resurfacing age of 6 Ma of the GD unit. On the other hand, sector RM-1 also
returns an age of about 17 Ma, marking a more recent glacier retreat, in agreement with a
younger age of the GD Unit of about 16 Ma. So, advances and retreats of the glaciers could be

episodic or continuous, but exposing outcrops at different sites at different times.

We found other evidence of glacial evolution in the area. Those valleys at the
northwestern edge of depression B are deep, similar to those proposed by Hauber et al. (2005)
to have been excavated by ice-related processes on the eastern edge of the same depression.
However, these valleys at the north and northeast edge do not have a head because
depression B cut the valley upslope (headless channels in Figure 3.5). Moreover, they are
disconnected in altitude from the floor of the depression, forming hanging valleys (Figure 3.5).
Those hanging valleys increase in width, depth and altitude from the NW to W edges pointing,
in our opinion, to a long-acting glacial erosion. The extreme case is the first gap between the
SO unit (immediately to the southeast of sector SO-1 studied here; white arrow in Figure 3.5)
showing how one of these valleys (still filled by glacial deposits forming the GD unit), cut the
edge of depression B. These characteristics could only be explained, from our point of view, if
the glacier surface had a higher altitude in the past, at least as high as ~2035 m (on
H1262_ 0000 HRSC-derived DEM), which is the altitude of the floor of the northern valley of
those described, meanwhile the floor of the depression in this area is about ~2150 m. This
altitude is slightly higher than the altitude of some of the outcrops of the SO Unit at the
northwestern edge of the depression (about ~2400 m), as well as those outcrops interpreted
to be roches moutonnées (de Pablo and Centeno, 2012). The smooth surface of those SO unit
outcrops, the presence of roches moutonnées, and the diminishing altitude of the possible
glacial valleys allow us to interpret the existence of an extensive and deep ice deposit filling

this depression, which reduced its thickness (and extent) over time. This reduction of the ice
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deposit thickness (or altitude) could be the cause of the enlargement of those valleys located
to the east of the depression (until their floor reached the floor of the depression), and the
formation of hanging valleys at the northern edge of depression B. We believe that these
hanging valleys reflect: (i) an significant glacial erosion earlier than that reflected by the GD
unit age (60 Ma), and (ii) the depression formed relatively early, more recently than
depression A itself. The altitude of the hanging valleys could indicate the altitude of the surface
of the possible glacier filling depression B, from ~2040 m to ~2490 m (Figure 3.5) to the NW of
the glacier. Roches moutonnées (RM unit) and smooth outcrops (SO unit) remain below those

levels, supporting the idea of the