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Abstract

Results from a finite element model characterizing tensile rupture of an internally pressurized ellipsoidal magma reservoir
within an axisymmetric elastic half space illustrate that gravity plays a critical role in this process. Failure to incorporate
gravitational loading correctly, which is the case for most published models, affects for example: (a) application of corrections
designed to account for the presence of the free surface in analytical models; (b) inferences about the internal pressure that a
reservoir can sustain prior to rupture; (c) conclusions about the importance of neutral buoyancy, i.e. the relative host rock and
magma density structures; and, (d) predictions about the location at which rupture of the reservoir wall will occur and the style of
intrusion which will be favored. Analyses that reduce magma reservoirs to a cavity within an unloaded elastic medium, inflated by
only an excess pressure component, sacrifice important information and should not be used to interpret reservoir activity or to
calibrate more advanced models of volcanic regions and phenomena; an exception to this rule occurs, however, when constraining
the pressure that can be inferred from surface displacements for a reservoir of known geometry. In a gravitationally loaded model,
the characteristics of the failure process are insensitive to geologically plausible variations in the tensile strength, shear modulus,
density structure and gravitational acceleration. As a result the half-space analysis presented here, which will benefit from future
expansion to include topography and other factors, can yield insight into not only magma reservoirs on Earth but those thought to
have formed within the crusts of Mars, Venus and other solar system bodies as well.
© 2007 Elsevier B.V. All rights reserved.
Keywords: magma reservoir; inflation; rupture location; finite element modeling; gravity; gravitational loading; free surface effect; surface
displacement; intrusion geometry; neutral buoyancy; planetary volcanism
1. Introduction

Magma reservoirs fed by periodic injections of fresh
material ascending from below are a commonly des-
cribed component of shallow volcanic systems. Repeat-
ed infusion of magma into a pre-existing reservoir is one
mechanism capable of generating pressures which can
induce inflation and eventual fracturing of the surround-
⁎ Tel.: +1 909 621 8673; fax: +1 909 621 8552.
E-mail address: egrosfils@pomona.edu.

0377-0273/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jvolgeores.2007.06.007
ing host rock, triggering an intrusive or extrusive vol-
canic event. Evidence of this process is observed in
modern and ancient volcanic systems studied on Earth,
for example through inflation and seismicity at Hawaii
(Klein et al., 1987), cyclic layering in ancient reservoirs
(Turner and Campbell, 1986), laterally extensive dikes
composed of multiple injection pulses (Greenough and
Hodych, 1990), and radial dike patterns focused on
volcanic centers (Muller and Pollard, 1977). In addition,
an abundance of intrusive and extrusive volcanic fea-
tures of probable reservoir origin has been identified on
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Topographic and morphologic characteristics of Reull Vallis, Mars:

Implications for the history of the Reull Vallis fluvial system
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[1] The eastern rim region of Hellas basin is characterized by the four prominent and
quite extensively researched (cf. Crown et al., 2005, and references therein) outflow
channels. In this work we focus on the Reull Vallis. On the basis of observations from
available data sets, we present a hypothesis for the evolution of Reull Vallis and its
complimentary fluvial system. We suggest that this system consists of parts that were
formed during several phases rather than being a single continuous channel. Our results
show that the fluvial system of Reull Vallis consists of two main parts and likely had
independent formation phases and different sources of water. Our results also show that
the upper portion of the Reull Vallis was formed by outflow from beneath Hesperia
Planum (as proposed already in earlier works), but the suggested segments 1 and 2
(Mest and Crown, 2001) of the Vallis are not directly linked. There seems to have been an
on-surface source for the formation of the segment 2 in the form of a topographic
depression that was filled before the subsequent draining and formation of segment 2.
Our interpretation of the evolution and formation implies a complex history for the
Reull Vallis system.

Citation: Kostama, V.-P., M. A. Ivanov, A. T. Polit, T. Törmänen, E. B. Grosfils, J. Raitala, and G. Neukum (2007), Topographic

and morphologic characteristics of Reull Vallis, Mars: Implications for the history of the Reull Vallis fluvial system, J. Geophys. Res.,

112, E11001, doi:10.1029/2006JE002848.

1. Introduction

[2] The eastern Hellas region (Figures 1a and 1b) has
been characterized and modified by apparent volatile rich
activity. Still, the scales of these processes, their exact
places in local geologic history, and even their forms are
still very debatable [e.g., Ivanov et al., 2005; Crown et al.,
2005, and references therein]. The geology of the region has
been represented in various geological maps drawn from
different databases; 1:25,000,000 and 1:5,000,000-scale
global series based on Mariner 9 and Viking images [Potter,
1976; King, 1978; Leonard and Tanaka, 2001; Scott and
Carr, 1978]; the 1:15,000,000-scale global series based on
Viking images [Scott and Tanaka, 1986; Greeley and Guest,
1987]. There are also detailed 1:500,000-scale maps of
Dao, Harmakhis, and Reull Valles [Price, 1998; Mest and
Crown, 2002a, 2002b]. Some of the previous studies have

also produced views of the regional geology [e.g., Crown et
al., 1992; see also Mest and Crown, 2001, Figure 2b] and
provide good review of the earlier works done within the
region [cf. Crown et al., 2005; Mest and Crown, 2001].
[3] In eastern Hellas, as also elsewhere on Mars, a set of

large channels with lengths of 1000–3000 km and widths of
tens kilometers stand out. These large-scale erosional fea-
tures and their origin have been subject to extensive studies
in order to understand the role of water as a modifier to the
Martian environment [Baker and Milton, 1974; Carr, 1979,
1996; Pieri, 1980; Mars Channel Working Group, 1983;
Baker, 1990; Baker et al., 1992; Scott et al., 1995; Crown
and Mest, 1997; Mest and Crown, 2001; Berman et al.,
2003; Bleamaster and Crown, 2004; Crown et al., 2005;
Bleamaster and Crown, 2006]. One of the large channels of
eastern Hellas region, Reull Vallis, begins in Hesperia
Planum and runs from east to west across the Promethei
Terra. It has been noted previously [e.g., Mest and Crown,
2001] that this channel differs from the other outflow
channels located in this region (Dao, Niger and Harmakhis
Valles) and that it can be divided into morphologically
different segments (segments 1–3; Mest and Crown
[2001, Figures 1a and 1b]). We agree with their observa-
tions, and in this work, present an alternative hypothesis for
the evolution of Reull Vallis and its complimentary fluvial
system. We suggest that this system consists of parts that
were formed during several distinct phases rather than being
a single continuous channel.
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Integrating Research into a Small Geology Department’s Curriculum

Involving undergraduate students in research has clearly demonstrat-

ed benefits. Seeking to increase the opportunities for 

student-conducted research within our curriculum, and thus the 

associated benefits to our students' education, we initiated changes

to place student-conducted research at the core of our departmental

curriculum. These changes – development of a course in Research

Methods and incorporating research experiences in existing courses –

have doubled the number of students performing research of a caliber 

suitable for conference presentation, including a more than threefold

increase in those students who do so prior to their senior year. Here

we describe the challenges we faced and the changes we made, the

outcomes, and future directions our efforts must take to sustain 

student-conducted research within our evolving curricular program.

During the past several decades there has been a growing awareness

of the educational benefits to students who participate in undergrad-

uate research experiences (e.g., National Science Foundation, 1996;

Boyer Commission on Educating Undergraduates in the Research

University, 1998). These benefits include, among others, increased

communication skills, ability to work as part of a research team, and

enhanced self-confidence in individual problem-solving skills (e.g.,

Kardash, 2000; Seymour, Hunter, Laursen, & Deantoni, 2004). Ten years

ago, however, many Pomona College geology students felt they could

not get involved in research until a required thesis exercise in their

final year. Department faculty recalled that few students conducted

research outside of the thesis, and many students at the start of their

senior year had little idea how to perform research. Given the bene-

fits that can accrue when students conduct research, having them

involved only during the senior year is detrimental to student learning

and growth. Furthermore, students lacking involvement in research

early on risk making decisions about their future without knowing

what scientists actually do, and without experiencing the consider-

able joys associated with making an original scientific discovery.

To overcome the paucity of pre-thesis, student-conducted research,

the Geology faculty created a “Community of Research” within the

department. Our two main goals were to: 

1. Change the student-held perception that only seniors and a

few talented juniors have the ability to conduct meaningful,

independent research, and

2. Help students realize that conducting research is both exciting

and an integral part of their scientific education.

In this paper we describe how we integrated research experiences

throughout our curriculum to address these goals.  We also discuss

how we met the challenges we faced, and that others will likely face,

given limited faculty and curricular resources. 

BBaacckkggrroouunndd
Pomona College is a highly selective, private liberal arts college in

southern California with an enrollment of 1,400 students and a 

student-faculty ratio of 9:1. Currently, the Geology Department has

three fulltime faculty members and one affiliated faculty member; we

typically graduate 5-10 students a year, each of whom conducts a 

year-long senior thesis project. 

Despite our students' talents and motivation, ten years ago aspects of

the senior thesis experience were surprisingly frustrating.  Faculty 

discussions identified several common problems. Specifically, our 

students often: 

• did not know how to define a research project, and lacked the

confidence and experience to approach complex problems 

creatively and effectively,

• underestimated the time and effort required to conduct

research, and

• felt frustrated and lost when, faced with a suite of complicated

data and no black and white answers, they needed to derive

meaningful insight into their research question.

FocusCUR Linda Reinen, Eric Grosfils, 
Robert Gaines, and Richard Hazlett
Geology Department, Pomona College

The Research
Methods class 
discussing possible
research projects
during the first
visit to the site.
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Graben–fissure systems in Guinevere Planitia and Beta Regio
(264◦–312◦E, 24◦–60◦N), Venus, and implications for regional

stratigraphy and mantle plumes
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Abstract

Detailed mapping in a 14,000,000 km2 area of northwestern Guinevere Planitia and northern Beta Regio bounded by 264◦–312◦E, 24◦–
60◦N has revealed thousands of long extensional lineaments (graben, fissures and related fractures). These can be grouped in
circumferential and linear systems. Thirty four radiating systems have been identified, of which 16 have radii greater than 300 km
have radii greater than 1000 km. Twenty six linear (straight) systems with a length greater than 300 km have been distinguished
six have a length greater than 1000 km. Linear systems are generally associated with rifts, although some may represent dis
of radiating systems. In addition, 19 circumferential systems, some associated with coronae, have been identified. The distributi
system is compared with the host geology in order to place the graben–fissure systems in a regional stratigraphic framework. The
systems are: (1) younger than tesserae, ridge belts and densely fractured plains, (2) coeval with, and in many cases, define fractu
partially flooded by wrinkle-ridged plains units, and (4) older than smooth and lobate plains units and young rifts. The inventory of
graben–fissure systems that we catalogue represents a database of tectono-magmatic centers that complements the centers defin
criteria, e.g., large volcanoes, coronae, and shield fields. We have attempted to identify those systems that are underlain by dike
order to evaluate their relationship to mantle plumes. At least 11 of the radiating systems extend well beyond any central topogra
and are therefore interpreted to be underlain by dike swarms.
Crown Copyright 2003 Published by Elsevier Inc. All rights reserved.
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1. Introduction

Long narrow extensional lineaments (graben, fissures
fractures) are widespread on Venus (Grosfils and H
1991, 1994a; Head et al., 1991; McKenzie et al., 19
Solomon et al., 1992; Ernst et al., 1995, 2001; Banerdt e
1997; Koenig and Pollard, 1998; Krassilnikov, 2001; Kr
silnikov and Head, in press). Graben have an observ
floor, fissures are trough- or V-shaped and fractures hav
resolvable geometry.

Some of the most intensively studied graben–fissure
tems are those that radiate. A global reconnaissance s
using C1-MIDR (compressed-once, mosaicked image

* Corresponding author.
E-mail address:rernst@NRCan.gc.ca (R.E. Ernst).
0019-1035/$ – see front matter Crown Copyright 2003 Published by Elsevie
doi:10.1016/S0019-1035(03)00126-X
-
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record) scale (225 m/pixel) maps revealed 163 radiating sy
tems of which 118 were interpreted to be underlain by d
on the basis of evidence for underlying magma and the
metric similarity with terrestrial dike swarms (Grosfils a
Head, 1994a, 1994b, 1995, 1996). The evidence for a
origin includes volcanic flows emanating from graben a
fissures, an association with pit chains and lines of sm
shield volcanoes, as well as a pattern of radiating graben
fissures extending well beyond any centralized topogra
uplift.

In addition, linear (straight) systems, often in cro
cutting sets, have been reported from many areas, an
generally interpreted to require extension of a thin bri
layer (e.g., Banerdt and Sammis, 1992; Banerdt et al., 19
Circumferential systems (i.e., arcuate systems which
round volcanic/tectonic features) have been studied in
r Inc. All rights reserved.
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